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Anotacija

Arvien lielaka uzmaniba tiek pieversta vides piesarnojumam un ta ietekmei uz vides un dzivo
organismu veselibu. Atomu absorbcijas spektroskopija ir labi zinama analitiska metode vides
piesarnojuma meérisanai, bet, pieaugot prasibam péc iesp€jas noteikt aizvien zemakas toksis-
ku elementu koncentracijas, paatrinat meérjjumu veikSanu un padarit iekartas mobilakas, tiek
mekl&tas iesp&jas to attistit v€l vairak. Viens no virzieniem, ka to iesp&jams panakt, ir izgata-
vojot uzlabotus gaismas avotus. Latvijas Universitates Atomfizikas un spektroskopijas institiita
Augstas izskirsp&jas spektroskopijas un gaismas avotu tehnologijas laboratorija nodarbojas ar
augstfrekvences bezelektrodu gaismas avotu izgatavoSanu un pétiSanu. Lai uzlabotu gaismas
avotus un optimizetu to darbibu, ir nepiecieSams veikt spektroskopiskus petijumus.

Promocijas darba pétitas laboratorija izgatavotas lampas ar arséna un dzivsudraba pildijumu.
Tika pétita As 189,0 nm, 193,8 nm un 197,3 nm un Hg 253,7 nm rezonanses spektralliniju in-
tensitates atkariba no ierosmes generatora jaudas, frekvences un darbinasanas reZima, novertéta
lampu stabilitate, paSabsorbcija un temperatiira. Arséna lampas novérota periodiska intensitates
izmaina — pasmodulacija, aprékinats tas periods. Papildus augstfrekvences bezelektrodu lampu
starojuma pétjjumiem veikts arT to salidzinajums ar komerciali pieejamam dobja katoda lampam.

Rezultata iegiiti $adi galvenie secinajumi: getera pievienosana uzlabo lampu darbibu, lampu
starojuma fluktuacijas neparsniedz 2% robezu, As lampu temperatira ir apmeéram 950 — 1250 K,
pasabsorbcijas d€l optimala darbinasanas jauda ir apméram 14 W, paSmodulacija atkariga no
lampu sprieguma, tas periods pie augstakam sprieguma veértibam samazinas. Tapat secinats, ka
Hg kapilara lampam vislabakie rezultati sasniedzami, kad kapilars novietots horizontali, sferis-
kas Hg lampas ieteicams darbinat £/—izlade, bet As lampas — H—izlade.

Lidztekus spektroskopiskiem mérijjumiem, veikta dzivsudraba koncentracijas noteikSana mel-
no starku olu ¢aumalas un fec€s, ka ar1 ezeru idens paraugos, izmantojot atomu absorbcijas spek-
trometru ar Z&€mana fona korekciju. Kopgjais analizéto paraugu skaits parsniedza 1000 paraugu
no vairak neka 130 ligzdvietam visa Latvijas teritorija. Darba salidzinatas Hg koncentracijas olu
¢aumalas un membranas, nosakot, ka vid€ja koncentracija caumalas ir 16 ng/g un membranas
— 202 ng/g, bet koncentraciju attieciba caumalam pret membranam ir apméram 11 reizes. Ana-
lizétas Hg koncentraciju pieauguso starku un jauno putnu fécés atSkiribas, ka ar1 koncentraciju
izmaina 2019.-2022. gadu griezuma. Udens paraugu mérijumi veikti starplaboratoriju pétijuma

ietvaros. legiitas Hg koncentracijas labi saskan ar citu dalibnieku iegiitajiem rezultatiem.
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Abstract

Increasing attention is given to environmental pollution and its impact on the health of the
living organisms and the environment itself. Atomic absorption spectroscopy is a well-known
analytical method for measuring environmental pollution. However, with growing demands
for detecting lower and lower concentrations of toxic elements and making the equipment more
mobile, there is a need to further develop it. One of the approaches to achieve this is by producing
improved light sources.

The High—Resolution Spectroscopy and Light Source Technology Laboratory at the Institute
of Atomic Physics and Spectroscopy of the University of Latvia is engaged in the development
and research on high—frequency electrodeless light sources. To improve light sources and opti-
mize their operation, spectroscopic studies are required.

In the doctoral thesis, lamps with arsenic and mercury fillings, manufactured in the labora-
tory, were studied. The dependence of the resonance spectral line intensities of As at 189.0 nm,
193.8 nm, and 197.3 nm and Hg at 253.7 nm on the excitation generator power, frequency,
and operating mode was investigated. Lamp stability, self-absorption, and temperature were
evaluated. Periodic intensity changes, self-modulation, were observed in arsenic lamps, and
their period was calculated. In addition to high—frequency electrodeless lamp radiation studies,
a comparison with commercially available hollow cathode lamps was also performed.

The main conclusions obtained are as follows: getter addition improves lamp performance,
lamp radiation fluctuations do not exceed a 2% limit, the temperature of As lamps is approxi-
mately 950-1250 K, and the optimal operating power is around 14 W due to self—absorption.
Self—-modulation depends on the lamp voltage, and its period decreases at higher voltage values.
It was also concluded that the best results for Hg capillary lamps are achieved when the capillary
is placed horizontally, spherical Hg lamps are recommended to be operated in the F—discharge
mode, and As lamps in the H—discharge mode.

In addition to spectroscopic measurements, Hg concentration determination was carried out
in the eggshells and feces of black storks, as well as in lake water samples, using atomic absorp-
tion spectrometer with Zeeman background correction. The total number of analyzed samples
exceeded 1000 samples from more than 130 nesting sites across Latvia. The thesis compares
Hg concentrations in eggshells and membranes, determining that the average concentration in
eggshells is 16 ng/g, in membranes — 202 ng/g, with its ratio of eggshells to membranes be-
ing ~11 times. Differences in Hg concentrations in the feces of adult storks and young birds
were analyzed, as well as its changes from 2019 to 2022. Water sample measurements were
conducted as part of an inter—laboratory study. The obtained results match well with the results

obtained by other participants.
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Ievads

Misdienas arvien lielaka uzmaniba tiek pieversta vides piesarnojumam, ka ari aizvien
labak tiek izzinata dazadu toksisku un kaitigu vielu ietekme gan uz vidi, gan uz dziviem orga-
nismiem []1]]. Ta rezultata pieaug nepiecieSamiba peéc iesp&jam noteikt toksiskus elementus loti
zemas koncentracijas, kas biezi ir tuvas So elementu fona koncentracijam vide [2]. Tadel tiek
raditas jaunas metodes un iekartas piesarnojuma mérisanai, kas lautu sasniegt vélamos mérkus.

Atomu absorbcijas spektroskopija ir salidzino$i sen zinama, bet joprojam populara ana-
Iitiska metode dazadu elementu kvantitativai noteikSanai [3, 4]. Tas pirmsakumi mekl&jami
1950—tajos gados, kad Alans Valss publicgja rakstu, kura aprakstija atomu absorbcijas spektra
izmantosanu kimisku analizu veikSanai [5]. Savas augstas jutibas dél atomu absorbcijas spek-
troskopija tiek izmantota daudzu standarta metozu pamata [4], pieméram, EPA 245.1 metodé

dzivsudraba noteiksanai [6].

Darba aktualitate

Darba aktualitate saistita ar arvien pieaugoSo vajadzibu noteikt loti mazas dazadu tok-
sisku elementu koncentracijas: no daziem mikrogramiem Iidz daZziem nanogramiem uz litru,
gramu vai kubikmetru). Pieaugot prasibam attieciba uz sasniedzamajiem rezultatiem, picaug
ar1 izaicinajumi, kas japarvar izv€l€tajam analitiskajam metodém. To starpa ir tadi uzdevumi,
ka koncentracijas noteikSanas robezas uzlaboSana, meérjjumu laika saisinasana, kas lauj veikt
analizes reala laika, un neliels iekartas izmérs, kas nodroSina portabilitati [[7, §].

Viens no galvenajiem elementiem, kas nosaka atomu absorbcijas spektrometra jutibu un
darbibas sp€jas, ir gaismas avots. Parasti ka linijspektra gaismas avotus atomu absorbcijas spek-
troskopija izmanto augstfrekvences bezelektrodu lampas vai dobja katoda lampas.

Latvijas Universitates Atomfizikas un spektroskopijas instittita Augstas iz8kirspgjas spek-
troskopijas un gaismas avotu tehnologijas laboratorija ir uzkrajusi ievérojamu pieredzi augst-
frekvences bezelektrodu gaismas avotu izgatavosana (piem&ram, [9—11]]), un aktivi turpina tas
pétit. Attistoties tehnologijam, ir iesp&jams izgatavot lampas, kas rada intensivaku starojumu un
ir ilgdzivojosakas, ka arT uzlabot to formu un spektroskopisko sastavu un samazinat izméru [|12].
Lai to 1stenotu, nepiecieSams veikt spektroskopiskus petijumus, kuros iegiita informacija talak

lautu uzlabot un pielagot izgatavoSanas tehnologijas, ka arf optimizget izgatavoto gaismas avotu
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darbinaSanas nosacijumus. Ta ka gaismas avota izstarotajam spektrallinijam ir jabiit intensivam,
Sauram, un tas nevar biit pasabsorbétas, tad labaka darbinaSanas reZima atrasana ir komplic@ts

uzdevums, jo mérkis ir atrast labako parametru kombinaciju.

Darba uzmaniba pievérsta dzivsudrabu un arsénu saturo$am augstfrekvences bezelektrodu

lampam, jo no Siem elementiem ir problematiski izgatavot dobja katoda lampas [|13].

Arséns (As) un dzivsudrabs (Hg) ir labi pazistami ka toksiski elementi. Arséns atrodas
Toksisko vielu un slimibu registru agentiiras (Agency for Toxic Substances and Disease Registry)
veidota 2022. gada bistamo Vielu prioritara saraksta pirmaja vieta [14]. Sis saraksts apkopo
vielas, kas tiek uzskatitas par bistamam cilvéku veselibai, nemot véra to zinamo vai paredzamo
toksiskumu un izplatibu. Arséns daudzviet sastopams Zemes garoza un gruntsiidenos [|15], ka
ar1 tas nonak vidé cilvéku saimnieciskas darbibas rezultata [[16]. Toksisku elementu ilgstosa
uznemsana nelielas devas ar partiku un @ideni var radit hroniskas veselibas problémas, tadel ir
svarigi spét noteikt ar1 neliela piesarnojuma klatbutni.

Dzivsudrabs bistamo Vielu prioritaraja saraksta atrodas tresaja vieta [14]. Dzivsudraba
gadijuma vajadziba spét noteikt fona Iimenim (gaisa 0,0015 pg/m? [[17], augsné 60 pg/kg [18],
tdent lidz 2 pg/l [19]) tuvas koncentracijas saistita ar, pirmkart, dzivsudraba metilacijas pro-
cesiem, kas galvenokart notiek tidens vides [20], otrkart, ar dzivsudraba bioakumulacijas un
biomagnifikacijas procesiem baribas k&de [21], jo nelielas dzivsudraba koncentracijas minéto

procesu rezultata var uzkraties lidz veselibai bistamam limenim [22].

Papildus praktiskam pielietojumam atomu absorbcijas spektroskopija, kvantu standartos,
goniometros un pedejos gados 1pasi aktualaja dezinfekcija [23, 24], augstfrekvences bezelek-
trodu gaismas avoti ka zemtemperatiiras plazmas avoti izmantojami ar1 fundamentalu plazmas
procesu pétisanai un plazmas—virsmas mijiedarbibas p&tfjumiem [PY].

Dzivsudraba ka 1pasi kaitiga elementa izplatibas novért€Sana Latvija nav veikta. Vien-
laikus atklats, ka Latvija aizsargajamo putnu — melno starku (Ciconia nigra) — asinis ir daudz
dzivsudraba [25]. Tap&c darba veikti arT dzivsudraba koncentracijas m&rijumi dabas paraugos —
tident un melno starku olu ¢aumalas un feces, izmantojot atomu absorbcijas spektrometru, kura
ka gaismas avots izmantota Hg saturosa kapilara augstfrekvences bezelektrodu lampa.

Pedgjo trisdesmit gadu laika Latvija ligzdojoSo melno starku paru skaits ir ievérojami sa-
rucis [26], tadel viens no jautajumiem saistiba ar dzivsudraba merjjumiem melnajos starkos ir,
vai dzivsudraba koncentracija starkos varetu ietekmét to reproduktivo sekmibu. Dzivsudrabs

ir labi zinams neirotoksins. Ja putni uznem lielus daudzumus dzivsudraba, tiem var sakties
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dazadas veselibas problémas, ka arT rasties reproduktivas problémas un, pie 1pasi augstam dziv-
sudraba koncentracijam, var iestaties nave [27]. Melno starku &dienkarte galvenokart sastav no
zivim [28], tadel tie ir paklauti lielakam dzivsudraba uznemsSanas riskam [29]. Olu caumalas
un féces merijjumiem izveletas to pieejamibas dé] — to ievakSana ir neinvaziva, ka ar1 ar mi-
nimalu ietekmi uz putniem, jo putni netiek traucéti [P1]]. Sie ir svarigi nosacijumi analiz&jamo
biologisko paraugu izvEIg, jo ipasi, ja pétama suga ir aizsargajama, ka melnie starki Latvija [2€].

Vienlaikus dzivsudraba koncentracijas merijumos iegiitie dati, sasaistot tos ar geografiska-
jiem un geologiskajiem datiem, nakotn€ laus kartét dzivsudraba piesarnojumu Latvijas teritorija.

Promocijas darbs sastav no ievada, 6 nodalam un secinajumiem, 4 pielikumiem un litera-
turas saraksta. Taja ir 68 atteli un 9 tabulas.

Ar promocijas darba teému saistitas 11 publikacijas zinatniskos zurnalos un starptautisku

konferencu rakstu krajumos un 18 starptautisku konferencu tezes.

Darba novitate

« Pétitas As tala UV regiona spektrallinijas (189 nm, 194 nm, 197 nm) un to profili augst-

frekvences izlade.

+ Pétita As un Hg augstfrekvences bezelektrodu lampu stabilitate laika, iegtti dati par fluk-

tuacijam lampas stabilas darbibas laika.

» Pirmo reizi pétits paSmodulacijas reZims arséna lampas, novértéta lampu izgatavosanas
tehnologijas ietekme uz pasmodulacijas rezima rasanos, aprékinats paSmodulacijas pe-

riods, paradita paSmodulacijas un liniju konttiru izmainu saistiba.

 Pirmo reizi noteikta gazes temperatiira As saturosas ABL, izmantojot OH rotacijas joslas

spektrus.

 Darba ietvaros pirmo reizi noteikta Hg koncentracija aizsargajamo Latvija ligzdojosu mel-
no starku olu ¢aumalas un membranas, salidzinats Hg [imenis ¢aumalas un membranas,
novertéta Hg koncentracijas korelacija caumalas un membranas. P&tijuma izmantoti pa-

raugi, kas 20 gadu garuma ievakti no starku ligzdvietam visa Latvijas teritorija.

 Darba ietvaros pirmo reizi noteikta Hg koncentracija Latvija ligzdojoSu un izskiluSos mel-
no starku feces, ka ar1 veikts Hg koncentraciju salidzinajums pieaugoso putnu un calu

feces laika periodam no 2019. Iidz 2022. gadam.
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Darba merki

1.

Veikt arsénu un dzivsudrabu saturoSo gaismas avotu pétijumus ar mérki optimizét to dar-
bibu izmantosanai atomu absorbcijas spektrometros. P&tamie gaismas avoti izgatavoti

LU ASI Augstas izskirsp&jas spektroskopijas un gaismas avotu tehnologijas laboratorija.

. Izstradat metodologiju Hg koncentracijas mérijumu veikSanai biologiskos paraugos, iz-

mantojot Z&€mana atomu absorbcijas spektrometru ar kapilaru Hg gaismas avotu. Aprobét
izstradato metodologiju, veicot mérijumus melno starku olu ¢aumalas un fécés un tidens

paraugos.

Darba uzdevumi

Tezes

1.

. Veikt LU ASI Augstas izskirsp&jas spektroskopijas un gaismas avotu tehnologijas labo-

ratorija izgatavoto arsénu un dzivsudrabu saturoSu augstfrekvences bezelektrodu gaismas
avotu UV spektralliniju intensitates m&rtjumus atkariba no darbinasanas un izgatavosanas

apstakliem.

. Izpétit As un Hg augstfrekvences bezelektrodu lampu stabilitati laika, iegiit datus par

fluktuacijam lampu stabilas darbibas laika.

. Salidzinat ierosmes generatoru ietekmi uz As augstfrekvences bezelektrodu lampu staro-

jumu.

. Noteikt gazes temperatiiru vairakas As saturos$as augstfrekvences bezelektrodu lampas,

izmantojot OH rotacijas joslu.

. Petit Hg kapilaras lampas kapilara darbinaSanas pozicijas ietekmi uz lampas starojumu.

. Petit Hg augstfrekvences bezelektrodu lampu spektrallinijas £—un H—izladgs.

Salidzinat As un Hg saturosu augstfrekvences bezelektrodu lampu un dobja katoda lampu
spektrus.
Izstradat metodiku un veikt dzivsudraba koncentracijas testa merijjumus aizsargajamo

melno starku olu ¢aumalas, membranas un feces.

. Izstradat metodiku un veikt dzivsudraba koncentracijas testa m&rijjumus fidens paraugos.

No arséna tala UV spektra trim rezonanses spektrallinijam 189,0 nm, 193,8 nmun 197,3 nm

piemérotaka izmantoSanai atomu absorbcijas spektroskopija ir 197,3 nm spektrallinija.
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2. Getera pievienoSana uzlabo arséna augstfrekvences bezelektrodu lampu darbibas para-
metrus, paaugstinot spektralliniju intensitati un uzlabojot stabilitati, ka art novérsot pa-
Smodulaciju.

3. Dzivsudraba kapilaras lampas ieteicams darbinat ar kapilara novietojumu horizontali, sa-
vukart sfeérisko Hg lampu darbinaSanai izvélama E—izlade, lai novérstu spektralliniju pa-
Sabsorbciju.

4. Zemana atomu absorbcijas spektrometrs ar Hg kapilaro gaismas avotu ir piemé&rota meto-
de dzivsudraba koncentracijas noteikSanai dabas paraugos. Izmantojot pirolitisko atomi-
zaciju iesp&ams mérit paraugus, kuros svarigi noteikt fona [imenim tuvas Hg koncentra-

cijas, piem&ram, aizsargajamu putnu olu caumalas.

Galvenas metodes

1. Spektroskopiska datu registracija — gaismas avotu spektru iegtiSana, izmantojot dazadas
iz8kirtsp&jas spektrometrus.

2. Spektroskopisko datu apstrade un analize— tadu darbibu veikSana, ka integréSana, aprok-
sim&Sana, fit€Sana, vidéjoSana utml.

3. Atomu absorbcijas spektroskopija ar Z&émana fona korekciju — analitiska metode Hg kon-
centracijas noteikSanai.

4. Auksta tvaika metode — Hg savienojumu atomizacija, izmantojot noteiktu kimisku vielu
kopumu.

5. Pirolitiska atomizacija — Hg savienojumu atomizacija, izmantojot pirolitisko krasni.



1. Teoretiskais parskats

1.1. Atomu absorbcijas spektroskopija

Atomu absorbcijas spektroskopija (AAS) ir viena no pirmajam komerciali attistitajam ana-
Iitiskajam metodeém kimisko elementu koncentraciju mériSanai. Atomu absorbcijas spektromet-

ra darbibas pamata ir Béra—Lamberta likums par gaismas absorbciju.
1.1.1. Metodes pamatprincipi

Kad paral@li orientéta starojuma pliisma ar intensitati /; iziet cauri kivetei ar garumu x,
kas satur nosakama elementa atomus ([l.1] attgla), cauri izgajusa starojuma intensitati /, var

aprakstit ar frekvencu sadalijumu [30], kas shematiski attélots attela.

i, — ]

S |)7,; v
1]

- - —— - d

1.1. att. Atomu absorbcijas kivete ar garumu z. I ir krito§a starojuma intensitate, /,, ir cauri izgajusa
starojuma intensitate. Kiveté atrodas elements ar koncentraciju C.

tensitate /

ajusas gaismas in

Caurizg

Vo Frekvence v

1.2. att. Caurizgajusa starojuma intensitates atkariba no frekvences.

So intensitates izmainu apraksta izteiksme [30]:
I, = Ije Kve, (1.1

kur [y — sakotngja gaismas intensitate, /,, — gaismas intensitate pec starojuma izieSanas cauri

videi ar linearo izméru z, K, — vides absorbcijas koeficients.
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No klasiskas dispersijas teorijas absorbcijas koeficienta K, atkaribu no koncentracijas

izsaka izteiksme [5,30]:

2
/KudV: i Nufa (12)
meC

e
kur e — elektrona 1adins, m. — elektrona masa, ¢ — gaismas atrums, N, — absorb&joso atomu
koncentracija robezas no v 1idz v + dv un f — oscilatora stiprums.

Atomu absorbcijas spektroskopija parasti izmanto rezonanses linijas, jo tam pareja notiek
starp pamatstavokli un ierosinato stavokli, tapec rezonanses Iiniju gadijuma var uzskatit, ka
absorb&joSo atomu koncentracija [V, ir vienada ar kop&jo atomu koncentraciju N [5].

Absorbcijas koeficienta K, izmaina atkariba no frekvences shematiski paradita attela.
Maksimala koeficienta veértiba apziméta ar /X, un attiecigi vertiba pie puses no pika augstuma
apziméta ar 1/2K,,,, [B0]. Absorbcijas kontiira platumu nosaka, izmérot to augstuma, kas at-
bilst 1/2K,,,.. Absorbcijas koeficienta K atkaribu no frekvences v ietekm@ absorbcija iesaistita

spektrala pareja un fizikalie apstakli, ka temperatura, spiediens un elektriskais lauks [5].

Absorbcijas koeficients K,

Vo Frekvence v

1.3. att. Absorbcijas koeficienta K, izmainas atkariba no frekvences.

Absorbcijas koeficients K, ir proporcionals absorbcijas Skérsgriezumam o 4 [31]:

K,
TA= (1.3)

kur N ir atomu koncentracija. Absorbcijas Skérsgriezums raksturo absorbcijas procesu varbiiti-
bu.

[zmantojot starojuma intensitates / izmainas, ar Lamberta—B@ra likuma palidzibu iespe-
jams aprekinat kivete esosa elementa koncentraciju [30]:
Iy
T
A=K,xC, (1.4b)

log(—) = A, (1.4a)
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kur A ir absorbcijas sp€ja, K, ir absorbcijas koeficients, kas konkrétaja sistéma ir konstants, x ir

kivetes garums, C' ir elementa koncentracija kivete.

izteiksme paredz, ka absorbcijas sp&ja un koncentracija ir lineari saistitas ar noteiku-

mu, ja K, un z paliek konstanti.

Veicot praktiskus mérfjumus, sistéma vienmer tiek kalibréta, izmantojot izveletajam ele-
mentam un méramajam paraugam atbilstoSu sertific€tu references materialu ar zinamu koncen-
traciju. Ar ta palidzibu tiek noteikta koncentracijas un intensitates izmainu saistiba konkrétajos

apstaklos.

Kalibracija tiek veikta, veidojot kalibracijas grafiku. Lineara kalibracijas grafika piemers
paradits attela. Seit kalibracijas grafiks veidots, mérot tris zinamas koncentracijas (1, 2 un
4 vienibas), kam atbilst attiecigi signali A;, As un As. Ka ieprieks minéts, ja izpildas Lamberta—
Béra likums, kalibracijas Itkne ir taisne. Sada gadijuma, mérot paraugu ar nezinamu koncentra-
ciju, no iegita signala Ag ar kalibracijas taisnes palidzibu iesp&jams noteikt parauga koncentra-

ciju, kas pieméra ir 2,5 koncentracijas vienibas.

Agd

Absorbcijas spéja

A1_

T T T

0 1 2 2,5 3 4
Koncentracija

1.4. art. Linears kalibracijas grafiks. A;, As, A3 apzimé analitisko signalu zinamam koncentracijam attiecigi
1, 2, un 4 koncentracijas vienibas, As apzimé signalu nezinamai, aprékinamai koncentracijai.

Svarigi, ka mérjjumiem izmantotas spektrallinijas pusplatumam ir jabiit Saurakam par ab-
sorbcijas profila pusplatumu. Pret€ja gadijuma starp koncentraciju un absorbcijas sp&ju vairs ne-
bus lineara sakariba, absorbcijas koeficienta /K, atkaribas no frekvences dél (ka paradits at-

te1a).
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Metodes jutiba un noteiksanas robeza

Ir zinams, ka absorbcijas sp&ju un koncentraciju saista funkcija A = f(C'). Sis funkcijas
slipumu S sauc par jutibu, un apraksta ka [32]:

54

Si@'

(1.5)

Jutibas novertésanai izmanto jédzienu ,,raksturigd koncentracija” Cj, kas atbilst absorb-
cijas sp&jas vertibai A = 0,0044 jeb 1% absorbcijai. Jutibu nosaka tadi fizikali lielumi, ka
analitiskas linijas absorbcijas koeficients, ka ar1 kivetes raksturlielumi [33]. Konkr&tai metodei
un apstakliem jutibu nosaka, izmerot paraugu ar zinamu koncentraciju C; un iegiistot tam at-

bilstoso A; vertibu. Tad atbilstosa raksturiga koncentracija Cy aprékinama ka [[13]:
Co = 0,0044C;(A; — Agiani) ™, (1.6)

kur Apank it ,,tuksa” parauga raditais signals.

NoteikSanas robeza (LOD, no anglu valodas /imit of detection) ir lielums, kuru parsnie-
dzot, ar statistisku noteiktibu var apgalvot, ka koncentracija dotaja parauga ir lielaka par koncen-
traciju ,,tukSaja” parauga (angliski BLANK). ,,TukSais” paraugs ir tads paraugs, kas satur visas
tas paSas sastavdalas, ko realais paraugs, iznemot analiz€jamo elementu. Pieméram, iidens me-
rjjumu gadijuma, tas var€tu but destiléts/tirs tidens, kam pievienotas visas paraugu sagatavosana

izmantotas kimiskas vielas.

NoteikSanas robezu var aprékinat, merot ,,tukSos” paraugus, un iegiistot tiem atbilstoSos

Sblank 1 1
C = trat/ —+—, 1.7
Lop S F, Vm n (1.7)

kur Spang it ,,tuk80” paraugu standartnovirze, .S ir kalibracijas funkcijas gradients jeb jutiba, n ir

signalus [33]:

mérfjjumu skaits ,,tukSam” testa paraugam, m ir merijjumu skaits testa paraugam, ¢ — Stjidenta
koeficients f = n — 1 brivibas pakape€m un ar nozimibu «. Ir pienemts, ka ,,tuk§o” paraugu
skaits n = 10, testa paraugu skaits /m = 1 un varbitiba pirma tipa kltdai oo = 0,01 [33].
Noteiksanas robezu ietekmé tadi faktori ka izmantota aparatiira un metode, mérjjumu
skaits, kas izmantots tas noteikSana, un parauga matrica.
Lai varétu kvantitativi aprakstit aparatiiras/metodes robezas, izmanto kvantificéSanas ro-
bezu (LOQ, no anglu valodas /imit of quantification). KvantificéSanas robeza ir mazaka anali-

tiska elementa koncentracija, kuru var noteikt no viena parauga, ar kliidas risku 5%.
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KvantificéSanas robezas (' o noteikSanai var izmantot ,,tukSo” paraugu izkliedi. Tad to

var novertet, izmantojot reizinasanas faktoru k = 3, iegiistot [33]:

Croq = 975", (1.8)

kur attiecigi Spnk 1t ,,tuk$o” paraugu standartnovirze un S ir kalibracijas funkcijas gradients jeb

jutiba.
1.1.2. Gaismas avoti atomu absorbcijas spektroskopija

Spektroskopiskiem mérijjumiem, tai skaita absorbcijas meérjjumiem, 19. gs. tika izmantoti
nepartraukta spektra gaismas avoti jeb t.s. ,,baltd gaisma”. Parmainas notika 1950-tajos gados,
kad Alans ValSs saprata, ka ta briza iespgjas nelava izgatavot pietickami augstas izskirtsp&jas
spektrometru, kas lautu veiksmigi lietot nepartraukta spektra gaismas avotus mazu koncentraciju
noteikSanai, un saka attistit Itnijspektra gaismas avotu izmantoSanu atomu absorbcijas spektro-
metros [5,32].

Lai [inijspektra gaismas avotu var€tu izmantot atomu absorbcijas spektroskopija, tam ir
nepiecieSamas noteiktas 1pasibas [|13,34]:

1) Sauras un intensivas spektrallinijas;

2) rezonanses linijam ir maza reabsorbcija un tas nav paSapgrieztas;

3) nepiecieSamas linijas neparklajas ar citam spektrallinijam, ka ar1 to tuvuma nav citas,
trauc€josas, linijas;

4) starojumam jabiit laika stabilam;

5) velams, lai gaismas avots biitu mehaniski izturigs, atri iedarbinams optimalajam reZimam
un ar ilgu darbibas laiku jeb dzives laiku.

Papildus Siem nosacijumiem, ir noderigi, ja gaismas avots un ta darbinasanai nepiecie-
Samie elementi ir neliela izm@ra un viegli, jo tas lauj izgatavot nelielas un portablas iekar-
tas [13,35].

Sobrid §im aprakstam vislabak atbilst tris veidu gaismas avoti — dobja katoda lampas
(DKL), augstfrekvences bezelektrodu lampas (ABL) un lazeri. Gaismas avota izvéli ietekmé

petamais elements un darba mérki.

Dobja katoda lampas
Dobja katoda lampas ir mirdzizlades caurulg paveids — tas sastav no doba cilindra ([.5] at-

tela), kas piepildits ar inerto gazi zema spiediena (~ 7 — 8 tori) un kura ievietots dobs katods un
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anods. Katods satur vienu vai vairakus pétamos elementus. Ka inerto gazi galvenokart izmanto

neonu (reizém izmanto ar1 argonu) [36].

Katods

Kvarca lodzins

Anods
1.5. att. Dobja katoda lampas shematisks attels.

Kad elektrodiem tiek pievadits pietickami liels spriegums (tipiski lampas darbojas apme-
ram 300 V sprieguma diapazona, ar stravas stiprumu 8 — 15 mA [9]), lampa sakas mirdzizlade.
Elektroni celo no katoda uz anodu cauri izlades zonai un jonizg cilindra esoSas gazes atomus.
Talak gazes joni no katoda virsmas izsit darba elementa atomus, veidojot metala atomus tvai-
kus. Vienlaikus tilpuma esoSie brivie elektroni Sos metala atomus ierosina, savukart ierosinatie
atomi, atgriezoties pamatstavokli, izstaro emisijas spektru [36].

Parsvara tiek izmantotas viena elementa lampas, kad katods izgatavots no viena mérka
elementa savienojumiem. Pieejamas ar1 vairaku elementu lampas. Vairakelementu lampas gadi-
juma katods tiek veidots no saderigu elementu sakaus&juma — So elementu Iiniju spektri nedrikst
parklaties. Sadas lampas, pieméram, ir Ca—Mg, Cu—Fe-Ni, Cu—Fe-Mn—Zn utt. Vairakelementu
dobja katoda lampas gadijuma visi tas elementi var tikt noteikti péc kartas, nemainot gaismas
avotu. Sads risinajums lauj samazinat izmaksas par gaismas avotu un paatrinat analizu veiksa-
nu, tomer jutiba ir zemaka neka viena elementa dobja katoda lampu gadijuma [13,36]. Lielaka
dala So lampu apvieno 2 — 8 elementus.

Dobja katoda lampu dzives laiks galvenokart atkarigs no katoda materiala izturibas un
bufergazes daudzuma, un atbilstoSos darbinasanas apstaklos var parsniegt 2000 h [13].

Lai gan daudziem elementiem (Cd, Zn, T1, Pb) dobja katoda lampas veiksmigi tiek izman-
totas, tomer tam piemit vairaki trikumi [36]:

1) daudziem elementiem ir zema spektralliniju intensitate;
2) metalu atomi nogulsné&jas uz lampas gala lodzina, tada veida ietekméjot lampas dzives
laiku. Tas ir 1pasi izteikti viegli iztvaikojoSiem metaliem, ka arséns, seléns, dzivsudrabs

utt. So elementu lampam tipisks dzives laiks saniedz vien 200—500 stundas [[13].

Augstfrekvences bezelektrodu gaismas avoti
Augstfrekvences bezelektrodu lampas visbiezak ir neliela izméra cilindriskas vai sferiskas

formas baloni ar 1saku vai garaku atzarojumu (,,astiti”’). Balons izgatavots no SiO, kvarca un
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piepildits ar bufergazi, kuras spiediens ir aptuveni 2 — 3 tori un p&€tamo darba elementu — metalu
vai ta sali [37]. Augstfrekvences bezelektrodu lampas izgatavo ar, pieme&ram, kadmija, cinka,
dzivsudraba, arséna, teliira, seléna, svina, alvas, tallija, antimona, indija, rubidija, c€zija un
bismuta pildijumu. Iesp&jams veidot ar1 vairakus elementus saturosas ABL, pieméram, Hg—Cd,
Hg-Zn, Hg—-Cd—Zn, Se-Te [9] un Hg—TI [P§]. Bufergazes funkcija ir palidzét ierosinat metala
atomus un jonus un kavet to mijiedarbibu ar gaismas avota sieninam [10]. Ka bufergazi izmanto
kadu no celgazém — He, Ne, Ar, Xe vai Kr. Helijs viegli difund€ cauri sienindm un ar to pilditam
ABL ir 1ss dzives laiks [37], tadel biezak izvélas citas c€lgazes.

Shematiski ABL un tas generators attéloti att€la. Lampas balons ievietots keramiska
materiala turétaja, kas ievietots spolé. Pa spoli pliistot mainstravai, tiek ierosinata induktivi

saistita izlade. Keramiskais turétajs vienlaikus darbojas ka termoizolators [9]

s,t?ole

0|

/ar/npa keramisks turétajs/izolators

1.6. att. Shematisks augstfrekvences bezelektrodu lampas un generatora attels.

Augstfrekvences bezelektrodu plazmas ierosmes principi aprakstiti nodala. Parasti
tiek izmantota ierosmes frekvence no 27 — 2450 MHz [9, 13], un lampas tiek darbinatas pie
12 Iidz 32 V sprieguma [9].

ABL darbibu ietekmé dazadi faktori izgatavosanas procesa un darbinasanas laika. Pie-
méram, izgatavojot lampas, svariga ir lampu forma un izmérs, izmantota kvarca tiriba, inerto
gazu spiediens, ka arT analitiska elementa daudzums lampa. Savukart lampas darbinasanas laika
liela nozime ir tadiem lielumiem, ka ierosmes frekvence, jauda un lampas novietojums ierosmes
generatora spolg [36].

,,Astite” temperatiira ir zemaka neka balona, tadg] ta palidz stabilizét lampas starojumu —
termodinamisko procesu rezultata taja izgulsngjas ,,lickais” metals. Vienlaikus reizém tiesi atza-
rojuma aizkausésana palidz uzlabot lampas darbibu, pieméram, padarot starojumu intensivaku
[Pg].

Salidzinot ar DKL, ABL spektralas Iinijas ir Saurakas un ar augstaku intensitati. ABL ir
piemérotakas darbam UV regiona, ka arT, to uzbuves dél, ir iesp&jams izgatavot labakas lampas
tadiem elementiem ka As, Se, Hg, Li, P [36]. Augstaka spektralliniju intensitate nodroSina

labaku signala—trokSna atkaribu, kas savukart ietekmé noteikSanas un kvantificéSanas robeZu
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AAS [36].

Svarigi ari, ka argjo elektrodu izmantoSana pagarina lampu dzives laiku [38,39].

ABL dzives laiks ir atkarigs no lampu izméra, darba elementa, bufergazes spiediena un
darbinasanas reZzima (pieméram, ierosmes generatora jaudas) [40]. Tipisks ABL dzives laiks
ir 2000 — 3000 h [13]. Galvenais lampu ar metala tvaiku pildijumu darbibas beigu c€lonis ir
metala vai bufergazes izbeigsanas lampas bumbuliti [34]. P&tijumi [|11,34] rada, ka parak maza
metala daudzuma gadijuma lampas strada ievérojami 1saku laiku. Piem@ram, gramatas [34]
autori ir izp&tijusi, ka lampu ar mazak neka 0,01 mg rubidija dzives laiks nesasniedz 1000 h,
bet, ja lampas ievietots vairak neka 0,03 mg Rb, to dzives laiks parsniedz 5000 stundas. Lidzigs
pétijums veikts art Hg ABL []11]], paradot, ka lampas, kuras pildijuma ir 0,5 g dzivsudraba,
dzives laiks ir 120 h, bet optimals Hg daudzums lampa ir vismaz 5 pg. Nedaudz dzives laiku
var pagarinat, izmantojot augstakas frekvences izlades ierosmé [9]. Dzives laiku ietekme ari
bufergazes izvéle — lampam, kuras pilditas ar argonu, dzives laiks ir garaks neka tam, kuras ka

bufergaze izmantots neons vai hélijs [37].

Lazeri

Vel viens Iinijspektra gaismas avots, kas tiek izmantots atomu absorbcijas spektroskopija
ir 1azers. Tas rada intensivu stabilu, monohromatisku starojumu, tad€jadi izpildot galvenas AAS
gaismas avotam izvirzitas prasibas [36]. Lazeri sp€j nodrosinat visaugstako starojuma intensi-
tati, tadel tiek sagaidits, ka sniedz arT visaugstako jutibu. DiemzZel, tie ir dargi, un vesturiski
gatavoti, koncentr&joties uz loti konkrétiem gaismas vilna garumiem, kas savukart var nesakrist
ar tiem, kas nepiecieSami analiz€jamo atomu ierosmei.

So problému risina skangjamo lazeru attistidana. Pieméram, atkariba no krasas izvéles,
skan€jamos krasu lazerus var iestadit darbam ar vilnu garumiem rajona no 213 — 900 nm [36].

Populars lazeru veids AAS ir skan€jamie dioZzu lazeri. Salidzinajuma ar krasvielu lazeriem
tie ir 1etaki un stabilaki [41]. Frekvencu moduléSana un dubultoSana lavusi paplasinat diozu
lazeru pielietojumu, iegistot vilnu garumus zilaja un tuvaja ultravioletaja regiona. Tomeér, lai
gan diozu lazeru AAS var izmantot daudzu elementu noteikSanai, tadu elementu, ka As, Pbun Zn
noteikSana ar to joprojam nav iesp&jama [42]. Dzivsudraba 253,7 nm spektrallinija m&rijjumiem
ar lazeru AAS iegiistama ar frekvencu summeésSanas metodi, izmantojot diodes ar 375 nm un
784 nm spektralliiju starojumu [43].

[zmantojot absorbcijas merfjumiem spektrallinijas, kuru vilpu garumi ir 200 nm rajona,

metodes noteikSanas robeza ir sliktaka, jo frekvencu dubultoSanas d€l palielinas troksna attieciba
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pret signalu [42].
Var secinat, ka galvenie iemesli ierobezotam lazeru pielietojumam AAS ir sarezgitas un
dargas konstrukcijas, ierobezots nosakamo elementu skaits un nepietickama jutiba, izmantojot

1sakus vilnu garumus.

Augstas izskirtspéjas nepartraukta spektra gaismas avota atomu absorbcijas spektroskopija

Pedgja laika attistas tads AAS veids ka augstas izSkirtsp&jas nepartraukta spektra gaismas
avota AAS (high—-resolution continuum—source AAS, HR—CS AAS) [32]. Taja par gaismas avo-
tu izmanto uzlabotu nepartrauktu spektru emit€josSu lampu, pretstata Iinijspektru emit€josajiem
gaismas avotiem [33]. Lampa optimiz&ta darbam ta sauktaja ,karsta punkta” rezima. So izlades
veidu raksturo loti mazu plazmas laukuminu paradiSanas katoda virsmas tuvuma, atSkiriba no
tipiski izkliedétas loka izlades formas parastajas ksenona lampas. Sada lampa nodrogina inten-
stvu emisijas starojumu 190 — 900 nm rajona [32]. Papildus tam, metodes jutibas uzlabosanai,
vilnu garumu selekcijai tiek izmantots pakapienveida rezgis [44].

Ta ka HR—CS AAS izmanto vienu starojuma avotu visiem elementiem, tad ta ir potenciali
izmantojama ka multi-elementu analizes metode, vienlaikus nosakot vairakus analitus. Sadiem
mérjjumiem gan ir vairaki ierobezojumi — nepieciesams, lai izv€léto elementu spektrallinijas
ir pietiekami tuvas [43], turklat §tm spektrallinijam janodro$ina laba jutiba. Tapat janem véra
elementu termokimiskas 1pasibas [46]. Metodes minusi ietver augstas izmaksas, ka ar1 gaismas

avotam ir salidzinosi 1ss dzives laiks [|13].

1.1.3. Atomizacijas metodes

Ar atomu absorbcijas spektrometru iesp&jams noteikt metalu koncentracijas dazada veida
paraugos — gan gaz€ (gaisa), gan Skidrumos, gan cietas vielas. Ta ka metode balstas uz gaismas
absorbciju, kas notiek gazveida vide, Skidru un cietu paraugu gadijuma nepiecieSama to apstra-
de, lai iegiitu analiz€§jamo elementu atomu tvaikus. Biezak izmantotas metodes atomu tvaiku
iegtiSanai ir liesmas vai elektrotermala atomizacija.

Liesmas atomizacijai paraugs $kidra forma tiek ievadits sistéma, kur to izsmidzina un
iegtito pilienu makoni ar liesmas termisko energiju vispirms izzavé un tad iztvaicg, iegustot
gazi, kas sastav no joniem, molekulam un briviem atomiem [47].

Elektrotermala atomizacija notiek grafita kivete, kura tiek ievadits paraugs. Isu augstsprie-
guma impulsu laika paraugs tiek iztvaic@ts, sadedzinats un atomizets, katram solim izmantojot

attiecigi augstaku, konkrétam elementam pielagotu temperatiiru [48].
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Bez §tm divam izmanto ar1 dazas specializétas metodes.

Hidridu atomizacija

Hidridu generacijas metodi parasti izmanto arséna, antimona, seléna, bismuta u.c. hidridu
veidojosu elementu noteikSanai, jo ar So metodi konkrétajiem elementiem var ievérojami uzlabot
noteikS$anas robeZu un samazinat interferences. Metode ietver 4 solus — pirmkart, hidridu radi-
Sanu pievienojot kimiskus reagentus, otrkart, ja nepieciesams, tad hidridu savaksanu, treskart,

nogadasanu atomizatora un, ceturtkart, hidridu saSkelSanu atomos (gazveida faze) [49,50].

Aukstd tvaika metode (atomizacija)

Auksta tvaika metode izmantojama tikai dzivsudraba gadijuma, jo tas ir vienigais meta-
liskais elements ar pietickami lielu tvaiku spiedienu istabas temperatiira.

Ta ir viena no popularakajam metodém dzivsudraba un ta savienojumu noteikSanai tideni.
Metodes soli ietver visa paraugos eso$a dzivsudraba parvérsanu Hg?* jonos, izmantojot kon-
centrétas skabes un permanganatu vai broma (I) hloridu. P&c tam seko Hg jonu redukcija uz
atomaro dzivsudrabu, pievienojot Skidumam alvas hloridu [50,51]]. Talak Hg tvaiki nonak uz
zelta amalgamas, kur tiek koncentréti, vai uzreiz analizatora, kur no 253,7 nm Iinijas absorbcijas
nosaka koncentraciju. Alternativs variants kimiskai tvaiku generacijai ir ultraskanas izmanto-

Sana [51].

Atomizacija pirolitiskaja kambart

Atomizacija, izmantojot pirolitisko kambari, tiek izmantota dzivsudraba koncentracijas
noteikSanai cietos paraugos. Tas pamata ir termiska parauga sadedzinaSana un dzivsudraba
savienojumu parverSana atomaraja dzivsudraba [52]. Pirolitiskas iekartas shémas piemeérs re-

dzams 4. pielikuma, bet metodes praktisks pielietojums aprakstits nodala.

1.1.4. Fona korekcijas metodes

Realaja dziveé no lampas nakoSo gaismu var absorbét citu vielu atomi un molekulas, ka art
to var izkliedét $kiduma esoSas sikas dalinas, vai gaisa, pieméram, putekli. So gaismas zudumu
sauc par fonu. Ja fona Itmenis ir augsts, tas var ietekmet rezultata precizitati, tadel ir izdomatas
vairakas metodes, ka ar $o efektu cinities.

Viena metode ir lietot divus gaismas avotus — katoda lampu un deitérija lampu, kas izstaro
nepartraukta spektra starojumu. PamiSus m&rot abu lampu starojumu, operators var atnemt fona

absorbcijas daudzumu no kopgjiem rezultatiem, atstajot tikai vajadzigo. Lidzigi var rikoties ari
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vienas lampas gadijuma — pamiSus mérot gaismas intensitati analiz€jama elementa klatbtitn€ un
bez tas [33].

Vel fona korekcijai var izmantot Z€mana efektu. Izmantojot Z&€mana efektu, nav nepiecie-
Sams V&l viens gaismas avots. Saja gadfjuma izmanto magnétisko lauku, kura notiek spektral-
Iiniju SkelSanas, un, periodiski mainot gaismas polarizaciju, iegiist divus savstarp€ji salidzina-
mus signalus [36]. Piemérs Z&€mana efekta izmantoSanai fona korekcijai AAS plasak aprakstits

nodala.

1.2. Starojums un ta raksturojums

Emisijas spektrallinijas intensitati /;;, nosaka atomu koncentracija ierosinata stavokli ¢ un

parejas varbiitiba uz zemaku energijas Itmeni k, un to apraksta ar Einsteina formulu [9]:
['L'k = Aszzthzk = AszszhV'Lk/ ’U(V)O'ki(U)VQdI/, (19)
0

kur N; —atomu koncentracija ierosinata stavokli ¢, A;;, parejas varbiitiba no stavokla i uz k, Ny —
atomu koncentracija pamatstavokli k, h — Planka konstante, v;;, — parejas frekvence, oy; — atomu
ierosmes $kersgriezums, v(v) — elektronu atrumu sadalijuma funkcija.

Savukart, atomu koncentraciju ierosinata stavokli ietekmé& atomu koncentracija pamatsta-

vokli, ka ar Sos atomus ierosinoSo elektronu koncentracija un temperatiira [34].

1.2.1. Absorbcija un emisija, parejas varbutibas

Kad atoms, kas atrodas stavokli k ar energiju £}, nonak elektromagnétiskaja lauka ar
spektralas energijas blivumu w, (), tas var absorb&t fotonu ar energiju hiy,;, tada veida parcelot
atomu liment ar augstaku energiju — F; = E}, + hvy; (1.7] a) attela).

Sadas absorbcijas parejas varbiitiba d P2 sekundg ir proporcionala starojuma lauka spek-
tralas energijas blivumam w, (v) = n(v)hv, kur n(v) ir fotonu hv skaits tilpuma vieniba frek-
vences intervala Av = 157! [B1]:

dpgbs
dt

= Brw, (V). (1.10)

Proporcionalitates koeficients By; ir EinSteina absorbcijas koeficients.
Lidzigi starojuma lauka var nonakt atomi, kas atrodas ierosinata stavokli 7 ar energiju ;.
Sadursmé ar starojuma lauka esoSu fotonu tie var izstarot vél vienu fotonu ar energiju hv;, =

E; — E,, tada veida nonakot zemaka stavokli £y ([1.7] ¢) attéla). So procesu sauc par inducéto
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E E
E=hv. o EZhVik
A~ B, g\\:
Ek Ek
a) b) c)

1.7. att. Emisijas—absorbcijas principu shéma: a) absorbcija; b) spontana emisija; ¢) inducéta emisija.

jeb stimul&to emisiju. Absorbg&tais un izstarotais fotons ir koherenti, tiem ir viens izplatiSanas

virziens.

Emisijas procesa rezultata atoma energija samazinas par A F/, bet starojuma lauka energija
pieaug par S0 paSu lielumu. Inducétas emisijas varbuitiba d P;“™ sekundg ir analoga absorbcijas

varbitibai [B31]:
dp;'lgz.em.
Zd—t = Byw, (v), (1.11)
kur B; ir EinSteina koeficients induc€tajai emisijai.

Ierosinats atoms var energiju atdot arf spontani ([.7] b) attéla). Sadu procesu sauc par
spontano emisiju. Atskirtba no inducétas emisijas, spontanas emisijas gadijuma fotons var tikt
emitéts jebkura virziena. Spontanas emisijas dP;”“"" varbutiba sekundg ir [31]:

d[)’;gp.em.
— = Ay, 1.12
dt ik ( )
kur A;; ir EinSteina koeficients spontanajai emisijai.

Lidzsvara apstaklos atomu, kas atrodas energijas Iimeni F;, koncentracija /N; un atomu,

kas atrodas energijas limeni £}, koncentracija Ny laika nemainas. Tas nozimg, ka absorbcijas

notikumu skaitam laika vieniba jabiit vienadam ar kop€jo emisijas notikumu skaitu laika vieniba,

un visi tris Einsteina koeficienti ir saistiti sava starpa ar izteiksmi [31,53]:

Vienlaikus, plazmai atrodoties termodinamiskaja lidzsvara, koncentraciju N; / Ny, attieciba

paklaujas Bolcmana sadalijumam [31,53]:

Ni _ 9i (B _ 9 ()

i , 1.14
N o, Ik (119

kur g; un gy, ir statistiskie svari, hv ir fotona energija, kp ir Bolemana konstante, 7" ir temperatiira.

Statistiskos svarus stavoklim ar energiju F un kopgja lenkiska momenta kvantu skaitli J izsaka
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kag=2J+ 1.

Apvienojot un izteiksmes, iegilist vienadojumu spektralas energijas blivumam
wy, (v):
Air/ Bix

W) = (9x/9:)(Byi/ Bir,)erv/FsT —1°

(1.15)

Spektralas energijas blivumu termiskajam starojumam apraksta ari Planka formula [31]:

S8rhi3 1
wy,(v) = 3 (ehu/k:BT — (1.16)

Ta ka vienadojumi un [1.16] apraksta vienu un to pa$u starojuma lauku pie visam

temperatiiras veértibam, tos pielidzinot, var iegiit parejas varbiitibu savstarpgjo saistibu [31]:

Bir = 2B, (1.17a)
9i
8mhi?
Ay, = W3V Bi,. (1.17b)
C

Ay = —, (1.18a)

T;
1

kur ) A; ir kop€ja spontanas emisijas varbitiba.

Einsteina koeficienti Bj; un A;zir saistiti arT ar oscilatoru stiprumiem parejai k — 7 [54]:

3
gi  MeC

e gi, 8Te v

Aix, (1.19)

kur e ir elektrona 1adin$, m. ir elektrona masa, h ir Planka konstante, vy, ir parejai atbilstosa

frekvence, g; un g ir atbilstoSo Itmenu statistiskie svari.

Izsakot no [1.19) izteiksmes spontanas parejas varbiitibu A;z, aizvietojot frekvenci v ar

vilna garumu A un aizstajot konstantes ar to skaitliskajam vertibam, iegtist vienadojumu:

1
Ay = 6,66- 1039 7 (1.20)
9; A2

ar nosacijumu, ka vilna garums \ dots nanometros un parejas varbiitibas A;;, mérvieniba ir s~
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1.2.2. Spektralliniju profili

Spektralliniju kontiiri ir nozimigs informacijas avots plazmas diagnostika, jo to formu
nosaka dazadi plazma notiekogie procesi [55]. So procesu rezultata notick ari spektralliniju
paplasinasanas.

Galvenie paplasinajuma veidi ir dabigais paplasinajums, Doplera paplasinajums, Van der
Valsa paplasinajums, sadursmju paplasSinadjums un rezonanses paplasinajums. Doplera paplasi-
najums saistits ar atomu kustibu gaze, un matematiski to apraksta Gausa funkcija. Liniju formu,

ko veido dabigais, rezonanses un sadursmju paplasinajumi, apraksta Lorenca funkcija.

Augstfrekvences bezelektrodu lampas doming Doplera un Lorenca paplaSinajumi [39].

Dabigais linijas paplasindjums

Ierosinati atomi péc noteikta laika briza atgrieZzas zemaka energijas limeni, pat tad, ja
nenotiek mijiedarbiba ar citiem atomiem vai molekulam. Tipisks dzives laiks ierosinatiem sta-
vokliem ir ar kartu 1072 Iidz 10~® s [32]. P&c tam atoms izstaro fotonu un relaksgjas zemaka
stavokli, kas rezonanses gadijuma ir pamatstavoklis. No Heizenberga nenoteiktibas principa

izriet, ka galigs dzives laiks rada energijas nenoteiktibu [32]:

h h
AE > = — 1.21
— 2rAt  2nT’ ( )

kur At = 7 — stavokla dzives laiks.

Ta ka pareja saistita ar fotona energiju F2 = huy, ari fotona frekvencei ir nenoteiktiba [32]:

AV:%>

1
—. 1.22
h = 27Tt ( )

Frekvences nenoteiktiba rada spektrallinijas paplasinasanos, ko var aprakstit ar Lorenca

funkciju [32]:
AVL/ﬂ'
4(v—19)? + Avi’

L(V — Vo) = (123)

kur vy ir centrala frekvence, Ay, — spektrallinijas pusplatums (angliski FWHM — full width
half maximum). Ta ka Lorenca funkcija ietver spektrallinijas formas paplaSinasanos dabiga
paplasinajuma (Avg), rezonanses paplasinajuma (Av,..) un sadursmju paplasinajuma (Avy,,;;)

del, tad tas pusplatums izsakams ka par&jo summa [32]:

Avy, = Avgay + Alpes + Avpy;. (1.24)
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Izmantojot sakaribu [32]
)\2
A)\L = <?) : AVL, (125)

iegtist dabigo spektrallinijas pusplatumu vilnu garuma vienibas A);. AtbilstoSais intensitasu

sadalfjums atkariba no vilnu garuma uz laukumu normétam profilam ir [32]:

1 Ny
B = S o + (e (126

kur Ay = ¢/1p, un linijas pusplatums A\,

)\2

2mer

AN =

(1.27)

ir rezultgjosais Lorenca profila pusplatums.
Rezonanses Iiniju gadijuma elektronu dziveslaiks ierosinatajos stavoklos ir dazas nanose-
kundes, tadel A\ ir apméram 0,01 pikometri. Salidzinajuma ar citiem spektrallinijas paplasi-

najumiem, tas ir loti mazs, un tade] to var nenemt véra [32].

Doplera paplasinajums

Atomu emisijas un absorbcijas spektralliniju paplasinajumu ietekmé to kustiba. Zema
spiediena plazma spektralliniju paplasinajumam noteicoSais ir Doplera efekts, ko netiesi rakstu-
ro izstaroto atomu temperattira. Ja atomi ir termodinamiskaja lidzsvara, tad to atrumu sadalijums

atbilst Maksvela sadalijumam, un intensitasu sadalijumu /() apraksta ar Gausa profilu [32]:

2
vV—u
Ip(v — vy) = Ipexp [—41712 ( AVDO) ] ; (1.28)

kur Avp ir Gausa profila pusplatums, Iy = I(vp), v — frekvence, vy — spektrallinijas centrala
frekvence.
Gausa pusplatumu vilnu garuma vienibas A\ izsaka ka:

kgT
ccm

A)\D =2V QZTLQ/\O

(1.29)

kur Ao —centralais vilna garums, kp ir Bolcmana konstante, 7' — temperatiira, c — gaismas atrums,
bet m — atomu masa.

Aizstajot konstantes ar to skaitliskajam vértibam, izsakot no atomu masas m molmasu
M (g/mol) un sareizinot, iegiist izteiksmi, kuru var izmantot spektrallinijas Gausa pusplatuma

noteikSanai, ja zinama plazmas temperatira, un temperatiiras noteikSanai, ja zinams spektralli-
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[T
AN=T7,16-10"")g 7 (1.30)

Novérojamais spektrallinijas profils nav nedz tirs Lorenca, nedz Gausa sadalijums, bet

nijas Gausa pusplatums:

Foigta funkcija

gan abu funkciju kombinacija.
Pienemot, ka procesi, kas veido Gausa un Lorenca liniju profilus, notiek vienlaicigi, Itni-

jas formu veido abu formu kompozicija, ko apraksta Foigta funkcija [31],32]:

a [T ez
= — _ 1.31
V(a,w) W/_OO R g (1.31)

kur a = 24+/In2 ir konstante , w = M,z = M, V' =1p(l + v, /c), kur v, ir

Avg Avg Avg

atomu atruma komponente.

Aparatiiras funkcija

Lidztekus plazma notieko$ajiem procesiem, liniju profilu formu ietekmé arT spektru regis-
tréSanai izmantota aparatiira (spektrometrs), kuras ietekmi apraksta ar aparatiras funkciju.

Augstas temperatiiras un blivas plazmas aparatiiras funkcijas platums ir daudz mazaks ne-
ka spektralliniju platums, tade] to var nenemt véra. Savukart, zemas temperatiiras plazma, kada
sastopama ABL, aparatiras funkcijas platums ir salidzinams ar Iinijas eksperimentala profila
platumu, tadel, lai novertetu linijas patieso formu un platumu, nepiecieSams atdalit aparattras
funkciju [56].

Izmeritais spektrallinijas profils f(x) ir aparata funkcijas kontiira f’(x) un reala linijas
kontara f”(z) kompozicija, un to var aprakstit ar §adu izteiksmi [55]:

+oo

fx) = f' (@ =y)f'(y)dy + (), (1.32)

kur ((x) — funkcija, kas apraksta gadijuma kltdas.

Lai noteiktu spektrallinijas realo profilu f”(x), nepiecie$ams risinat apgriezto uzdevumu.
Apgriezta uzdevuma risinaSana ar Tihonova regularizacijas metodi aprakstita, piemé&ram, [56]
un [57]. Izmantojot Tihonova regularizacijas algoritmu, sakotngja izteiksme parveidojas
par funkcionalu minimizacijas uzdevumu. Un tada gadijuma spektrallinijas reala profila apré-

kinasanai mekl€ minimumu $adam funkcionalim [56]:

Moy, 1 = | Ay~ 7|+ a0ls] (133
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~ ~[12
kur o > 0 regularizacijas parametrs, ||Ay — f H — skaitlis, kas raksturo nesakritibu, ) — stabi-
F

liz§josais funkcionalis.
1.2.3. PaSabsorbcija

Spektralliniju formai ir liela nozime, jo, palielinoties spektralliniju platumam, mainas ab-
sorbcijas Skérsgriezums un attiecigi atomu absorbcijas metodes jutiba.

Zema spiediena plazma viens no galvenajiem spektrallinijas formu ietekm&joSiem fakto-
riem ir pasabsorbcija, jo tas rezultata spektrallinijas klust platakas [39].

Pirms rezonanses starojums var izkliit no gaismas avota, tam noteiktu cela dalu japarvie-
tojas avota ieksieng. ST cela veik$anas laika pastav varbiitiba, ka pamatstavokI esosie atomi var
absorbét starojumu, tadejadi, emitetais starojums var tikt vairak vai mazak vajinats. PaSabsorb-
cijas process ir loti atkarigs no metala atomu sadalfjuma pamata un ierosinatos stavoklos [9].

Atomu sadalfjumu lampas tilpuma nosaka daudzi faktori: elektronu un atomu koncen-
tracija, sieninu temperatiira u.c. Ir teoretiski aprékinats, ka atomi ierosinatos stavoklos vairak
koncentr&jas netalu no lampas sienam, bet pamata stavokli — tiesi pie sienam. Inertu gazu ga-
dijuma sadalijums ir homogenaks. Inertas gazes atomi palidz uzsakt izladi, bet tiem nav tieSas
ietekmes uz pasabsorbciju [9].

Darba elementa tvaiku atomu koncentraciju nosaka metala temperatiira. Piesatinato tvaiku

spiedienu P nosaka no formulas [9]:
P =), (1.34)

kur A ir empiriski nosakama konstante un B ir iztvaic€Sanas energija (energija, kas vajadziga,
lai elementu parnestu no kondensata gazes fazg).

Temperatiiru var regulét, speciala dizaina lampam izmantojot termostatu, kas kontrolé
metala temperatiiru, un tadéjadi metala tvaiku spiedienu lampa.

Pasabsorbcija ietekme spektrallinijas formu, paplaSinajumu un intensitati. Spektrallinijas
robezas absorbcija loti mainas atkariba no frekvences. Lidzigi ka lielaka varbitiba emisijai ir
spektrallinijas centra, arT absorbcija ir visvarbiitigaka spektrallinijas centra. Ja absorbcija spek-
trallinijas centra ir daudz lielaka neka absorbcija spektrallinijas ’sparnos”, tad attiecigi ar inten-
sitate spektrallinijas centra ir mazaka. Lielakas paSabsorbcijas rezultata novéro paSapgrieSanos
— intensitates iekritienu spektrallinijas centra.

Galvenais apgrieSanas c€lonis ir temperatiras un Iidz ar to atomu koncentraciju starpiba
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starp plazmas centru un malu. Pie argjam sieninam atomu blivums ir lielaks neka plazmas centra,
jo temperatiira pie sieninam ir mazaka [58].

Pasabsorbcijas raksturo$anai var izmantot paSabsorbcijas koeficientu 7.,/ Iy, kas izteikts
ka spektrallinijas maksimalas intensitates /,,,, attieciba pret intensitati spektrallinijas centra /
(18] attela). Ja pasabsorbcijas koeficients ir vienads ar 1, tad pasabsorbcija netiek novérota. Ja
koeficients ir lielaks par 1, tad paradas pasabsorbcija, un, jo lielaks paSabsorbcijas koeficients,

jo lielaka pasabsorbcija novérojama.

Intensitate

A

1.8. att. Pajabsorbétas spektrallinijas piemérs ar atzimétam pasabsorbcijas koeficienta I,, . /I, noteik§anai
izmantotajam intensitasu /,,,,, un [, vértibam.

1.2.4. Plazmas temperatiiras noteikSana

Svarigs parametrs plazmas diagnostika un praktiska izmantoSana ir tas temperattra [53].
Plazma notiekoSo procesu aprakstam izskir vairakas temperattras — kinétisko (elektronu, jonu
un atomu), ierosmes, jonizacijas, svarstibu un rotacijas temperatiiras [59]. Atomu kingtisko
temperatiiru biezi sauc par gazes temperatiiru, un pienem, ka termodinamiska lidzsvara gadijuma

ta ir vienada ar rotacijas temperattru [53].

Temperatiiras noteiksana no Doplera paplasinajuma

Temperatiiras noteikSanai pastav dazadas metodes. Plasi pazistama spektroskopiska meto-
de neinvazivai gazes temperatiiras noteikSanai ir spektralliniju Doplera paplasinajuma mérisana.
Ta ietver liniju profilu uznemsanu ar augstas izskirtsp€jas spektrometru (pieméram, Fabri-Pero
interferometru vai Furjé transtormaciju spektrometru), un Iiniju kontiiru nelinearu modelésanu,
risinot apgriezto uzdevumu, izmantojot vienadojumu [39, 60].

Kad zinama spektrallinijas reala forma, temperatiiras noteikSanai var izmantot vie-

nadojumu, izsakot no ta temperatiiru 7":

2
A 1 ) (1.35)

T=M
( Xo 7161077
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kur M — gazes molmasa, A\ p — spektrallinijas Gausa pusplatums, A\ — spektrallinijas centralais

vilpa garums.

Temperatiiras noteikSana, izmantojot Bolcmana sadalijumu pa rotdcijas limeniem

Vel viena populara metode temperatiras noteikSanai plazma ir viena elementa vienas
rotacijas vai svarstibu s€rijas intensitasu, kas paklaujas Bolcmana sadalijumam, izmantoSa-
na [53,61-63].

Lai temperatiiras noteikSanai izmantotu rotacijas spektralliniju intensitasu sadalijumu, ne-
piecieSams, lai izpildas vairaki nosacijumi — plazmai jabtt lokala termodinamiska lidzsvara,
izmantotajam spektrallinijam jabiit optiski Sauram, un tas nedrikst biit pasabsorbétas [61]].

Bolcmana sadalijuma gadijuma spektralliniju intensitates saistibu ar plazmas temperattiru

raksturo [53]:
hcg; ewp(—;i—%)

Lig(A) = NoAi e Z(T)

(1.36)

kur h — Planka konstante, ¢ — gaismas atrums vakuuma, \;; — parejas vilna garums, A;; — parejas
varbiitiba, /Vy ir kop€ja atomu koncentracija izvélétajam elementam, F; ir energija limenim
i, g; ir limena 17 statistiskie svari, 7" ir temperatiira un Z(7') — attieciga elementa norm&Sanas
funkcija (atkariga no limenu apdzivotibas un temperatiiras).

Pargrupéjot izteiksmes loceklus un logaritméjot tas abas puses, iegiist izteiksmi:

Lit (M)A Noh E;
i (LMY ) (Nohe - B (1.37)
Izteiksmes kreisas puses lielumu LZQT)'Z% sauc par reducéto intensitati, bet pati izteiksme

parada, ka logaritms no reducétas intensitates ir lineara funkcija no attiecibas —E?

Iegiito reducétas intensitates logaritmu var grafiski attélot atkariba no energijas F;, ie-
giistot punktus, kurus, Bolcmana sadalijuma gadfjuma, var aproksimét ar taisni. Sos grafikus
sauc par puslogaritmiskajiem jeb Bolcmana grafikiem un pasu metodi temperatiiras noteiksa-
nai reiz€m deve par Bolcmana grafiku metodi (Boltzmann plot method). No §is taisnes slipuma
koeficienta iesp&jams izrékinat temperatiru 7.

Viena no iesp&jam noteikt temperatiiru ar $o metodi ir, izmantojot OH radikala t.s. Mei-
nela pareju (A2X+ — X2II; svarstibu Iimeniem ¢/ = v/ = 0) — rotacijas joslu pie 306,4 nm.
Ir izpétits, ka OH radikalis plazma veidojas jau pie loti nelielam tidenraza koncentracijam [63].
Tados gaismas avotos ka augstfrekvences bezelektrodu lampas OH radikala veidoSanas saistita

ar lampu sieninu veidojosa kvarca sastava esoSo skabekli un tidenradi, kas lampa nonak izgata-
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voSanas procesa [64].

Parrakstisim izteiksmi citadak, izmantojot decimallogaritmu un energiju parveidojot

L(MAin\ Nohe\  heE;
X (W) =l (Z(T)) o 9. (1.38)

Nemot veéra, ka OH radikalis ir homonukleara molekula, kurai statistiskie svari g; = 1, un

uz [em™!]:

ievietojot izteiksmé konstan3u vértibas, iegiist sakaribu temperatiiras noteik3$anai [54,59]:

I\ 0,625 0t
) = G bl 1.

_ Nohe ;
kur C = Z((’T‘; ir konstante.

OH radikala (A?X" — X?IT) molekularas rotacijas joslas spektrs pie 306,4 nm ar dalgji
atSifrétam P, Q un R zaru spektrallinijam redzams attela. Lai spektrallinijas varétu izman-
tot temperatiiras noteikSanai, nepiecieSams, lai tas biitu pietickami intensivas un neparklatos ar
citam spektrallinijam. Siem nosacijumiem vislabak atbilst Q, zara spektrallinijas ar J = 46 un

8-10.

5000 . , . , : , : : : :
OH(AZ=*-X2T)
. < Qy(7)+Q,(2)+Q,(3)+Qyy(7)
— o

4000 S .
o S
' =§ | s
‘» x| O E’; — _
c 3000 81198 | g i
£ 5?19 |0 &
c =) % o
P < Y s
= o S =
® 20004 &£ - o i
2 3 < s ' *

| < 7| |g
vyl e
1000 T lE; -
AL !
0 : : : : : : : , : : :
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A, Nm
1.9. att. OH radikala (A’2+ — X?II) spektrala josla pie 306,4 nm (adaptéts no P11]).

Attiecigi temperatiras aprékinam no OH radikala (A—X) rotacijas joslas (0-0) Q; zara
nepiecieSamie dati uzskaititi tabula.
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1.1. tabula.
OH radikala (A-X) rotacijas joslas (0-0) izmantoto spektralliniju parejas parametri [65, 66].
Spektralinija  A,nm E,ecm™! A, 10%s7!
Q:(4) 308,328 32779 33,7
Q:1(5) 308,517 32948 42,2
Qq(6) 308,734 33150 50,6
Q1(8) 309,239 33652 67,5
Q109) 309,534 33952 75,8
Q.(10) 309,859 34283 84,1

1.3. Augstfrekvences bezelektrodu izlades ierosme un veidi
1.3.1. Bezelektrodu izlades ierosme

Bezelektrodu izlades ierosme notiek ar ar¢jo elektrodu palidzibu. Atkariba no ierosmes
shémas var iegiit induktivi vai kapacitativi saistitu izladi [39]. Augstfrekvences bezelektrodu
izladi ierosina ar mainigu elektrisko lauku ar frekvenci 10 — 3000 MHz [[13].

Augstfrekvences bezelektrodu lampas esosa plazma ir zemas temperattiras, dal€ji jonizeta
un atrodas lokala termodinamiska lidzsvara.

Lai uzsaktu ierosmi, avots tiek ievietots augstfrekvences generatora spolg, kas rada maini-
gu elektromagnétisko lauku. Elektriskajam laukam gazg€ parsniedzot noteiktu vertibu, elektroni
ir ieguvusi pietickami lielu energiju, kas ir pietickama atomu jonizacijai un ierosmei. Ta rezul-

tata lampa sakas izlade. Sakuma ierosme notiek un izlade novérojama bufergaze [|10]:
A+e =5 A" +e . (1.40)

Seit un talak: A — neierosinats bufergazes (c€lgazes) atoms; A* — ierosinats bufergazes atoms;
e~ —elektrons; Me, Me* —neierosinats un ierosinats metala atoms; Me™, Me™* —neierosinats
un ierosinats metala jons.

Bufergazes plazma paaugstina temperatiiru lampa, vienlaikus palielinot metala atomu tvai-

ku koncentraciju, 11dz sakas ierosme un augstfrekvences izlade metala tvaikos:
Me+e  — Me* + e . (1.41)

Turpinot paaugstinat temperatiiru, pieaug metala tvaiku spiediens un biezakas klust otra veida
sadursmes un pakapeniska ierosme. Vienlaicigi tiek noverota célgazes spektralo Iiniju starojuma
intensitasu kriSanas (kas norada uz metala atomu sadursmém ar gazes atomiem, ar tam sekojosu

metala ierosmi):

Me + A* — Me* + A. (1.42)
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Ja dalinam, kas saduras ar metala atomiem, ir pietickami daudz energijas, var notikt metala
atomu jonizacija:
Me+ A* — Met + A+ e, (1.43a)

Me* + e~ — Met +2e. (1.43b)

1.3.2. Bezelektrodu izlades veidi

Ir zinami vismaz divi bezelektrodu izlades veidi: F—izlade, saukta ari par prieksizladi un
H—-izlade jeb rinkveida izlade.

FE—izlade ierosinas elektriskaja lauka un to nodrosina potencials lauks ar intensitati

Ep = —gradyp, savukart H—izlade ierosinas magnétiskaja lauka un to uztur virpulveida elek-
triskais lauks, kura intensitate E, = —% [34,37]. Reala izlade abi elektriskie lauki pastav

vienlaicigi un rezultgjoso elektrisko lauku apraksta vienadojums:

. 5A
E = —grady — 7R (1.44)

5A

kur A — lauka vektorpotencials, ¢ — skalars potencials. Parasti [grady| > |57 |, tadel sakuma

iedegas E—izlade, bet, palielinoties elektronu koncentracijai (Iidz pat 3 - 10*° cm™?), novéro
H-izlades aizdegSanos [37]. FE—-izlade ir vieglak ierosinama ar plasaka diapazona jaudu un
spiedienu neka H—izlade [9].

Inducéta un skalara elektriska lauka intensitaSu stiprumu attiecibu izlades cilindra raksturo

R (=)

p

vienadojums [9]:

kur v — ierosinosa elektromagnétiska lauka frekvence, ¢ — gaismas atrums, r — cilindra radiuss,

Agym — vilna garums.

1.3.3. PaSmodulacija

Dala gaismas avotu, tajos notieko$o procesu d¢l, picaugot pieliktajai ierosmes generatora
jaudai, starojums pariet pasmodulacijas reZima — ta emisijas intensitate laika periodiski mainas
— pieaug un samazinas.

Pasmodulacijas procesu var iedalit divas fazé€s — minimuma faz€ un maksimuma fazg, kas
periodiski savstarp&ji mainas.

Maksimuma fazé gaismas avots ir spozs, tas laika notiek augstas intensitates rinkveida
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izlade. Maksimuma fazes beigas iezim¢ strauj$ intensitates kritums. To var skaidrot ar brivo
elektronu energijas izmainam. Pieaugot gazes temperatiirai, palielinas arT lampa esoSo elementu
tvaiku spiediens. Ta rezultata arvien biezak notiek elektronu sadursmes ar So elementu atomiem
un molekulam, tos ierosinot un jonizg&jot, Iidz kada brid1 elektroni vairs nesp&j uzkrat pietickami
daudz energijas, lai $os procesus turpinatu, un tas noved pie starojuma emisijas intenstitates
kriSanas un sakas minimuma faze [37,67].

Minimuma fazi raksturo zemas intensitates darba elementa un bufergazes starojums. Viena
no teorijam ir, ka tas laika starojums pariet £—izlade [37]. Plazmai atdziestot, dalinu koncen-
tracija lampas tilpuma samazinas, attiecigi elektroni ar tam mazak mijiedarbojas un spgj iegiit
pietiekamu paatrinajumu, lai ierosmes process atsaktos. Novérojama pakapeniska pareja mak-
simuma faze.

Pasmodulacijas laika intensitates svarstibas ir periodiskas, tadel iesp&jams aprekinat pas-
modulacijas periodu 7"

T=-, (1.46)

¢
n
kur n ir pilno paSmodulacijas ciklu skaits mérijumu laika un ¢ ir pilno ciklu mérjjumu laiks.

Darba apskatita pasSmodulacija arséna ABL, bet So procesu var novérot ari ABL ar tadiem
pildijumiem ka TII, [64], Bils [67] un [K17], SnCl, [K17], Se [K18§].

Darba [68] aprakstita jodu un hloru saturosu metala salu ietekme uz ABL starojuma sta-

bilitati. Molekulu disociacijas un fotokimisku procesu rezultata veidojas negativi joni, kuriem
sasniedzot noteiktu daudzumu, neitralo atomu un molekulu jonizacijas bieZums samazinas, un

notiek izlades pareja no H—izlades F—izladg.

1.4. Dzivsudrabs

1.4.1. Visparigs raksturojums

Dzivsudrabs (Hg) ir sudrabkrasas smagais metals. No citiem metaliem dzivsudrabs at-
Skiras ar zemo kuSanas temperatiiru (-38,83 °C), ka ar1 tam ir augsts tvaiku spiediens istabas
temperatiira (20 °C temperatira P = 1,73 - 107! Pa= 1,30 - 10~® mmHg). Kimisko elementu
periodiskaja tabula Hg atrodams ar kartas skaitli 80, ta relativa atommasa ir 200,59 u. Tam ir
septini stabili izotopi [69].

Dzivsudraba dabiga maisijuma septini izotopi un to atbilstos$as sastava dalas paraditas
tabula. Dzivsudraba izotopiskajam sastavam ir liela nozime gaismas avotu izgatavosana [9].

Ja ABL ir pildita ar dabigo dzivsudrabu, tad tas izstarota spektrala linija sastav no vairakam
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komponentém, kas rodas izotopiskas nobides un supersikstruktiiras del.

1.2. tabula.
Stabilie dzivsudraba izotopi un to daudzums procentos [69].

Masas skaitlis Daudzums, %

196 0,15
198 9,97
199 16,87
200 23,10
201 13,18
202 29,86
204 6,87

Dzivsudraba savienojumi

Dzivsudrabs sastopams tris oksidacijas pakapés ka atomarais jeb metaliskais dzivsudrabs
Hg; vienvértigais Hg™ un divvertigais Hg?*, kurs ir stabilakais no joniem [70].
Dzivsudraba joni veido savienojumus, ko var iedalit divas grupas:

1) neorganiskie dzivsudraba savienojumi, tadi ka cinobrs (HgS), dzivsudraba hlorids (HgCl),
dzivsudraba oksids (HgO);

2) organiskie dzivsudraba savienojumi, no kuriem visbiezak sastopams ir metildzivsudrabs
(CH3Hg™), bet pazistami ari tadi savienojumi ka, pieméram, etildzivsudrabs (CoHsHg™),
fenildzivsudrabs (C¢H5Hg) un timerosals (CoHgHgNaO-S).

Dalai organisko savienojumu piemit antimikrobiala un pretséniSu iedarbiba, tade] tie ilg-
stosi lietoti virsmu dezinfekcijai un ka konservanti medicina [[71].
Bio—geo—kimisko procesu rezultata vidé esoSais metaliskais dzivsudrabs oksidg€jas un vei-

do organiskos un neorganiskos savienojumus. Dzivsudraba bio—geo—kimiskais cikls paradits

[1.10] attzla.

Dzivsudraba avoti un aprite daba

Savienojumu veida dzivsudrabs nelielas koncentracijas atrodams iezos, ka art atmosféra
un tidenos. Aprité tas nonak gan dabas paradibu (mezu ugunsgréki, vulkanu izvirdumi), gan
cilvéku saimnieciskas darbibas (m&riekartu razosana, zobu plombju amalgamas, zelta ieguve,
lauksaimnieciba, oglu un kiidras dedzinaSana) rezultata [70]. Var izskirt primaros dzivsudraba
avotus, kad dzivsudrabs dabas un antropogénu procesu rezultata no litosféras nonak atmosfera,
palielinot globali pieejama Hg daudzumu, un sekundaros avotus, kad dazadu darbibu rezultata

caur atmosferu notiek jau ieprieks ieguta dzivsudraba pardale [73].
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1.10. att. Dzivsudraba bio—geo—kimiskais cikls (adaptéts no [72]).

Dzivsudrabu raksturo augsta mobilitate, tas lielakoties parvietojas atmosferas slani, kur
tas var celot tikkstoSiem kilometru, tadel to meédz saukt ar1 par globalu piesarnotaju [70].

Ar1 Latvija viens no potencialajiem dzivsudraba avotiem ir atmosfera esoSais dzivsudrabs,
kas pie mums nonak v&ju un temperatiiras ietekmeé. Uz zemes atmosféras Hg nonak nokris$nu
veida. Sava bakalaura darba apskatiju atmosféras Hg uzkrasanos ombotrofisko purvu kiidra
[74], arT [P10]]. Ombotrofiskajos purvos kiidrai nav saskares ar gruntsiideniem, tadél ir zinams,
ka Hg tajos nonak tikai no gaisa.

Citi Latvija lokali potenciali dzivsudraba avoti galvenokart saistiti ar saimniecisko darbi-
bu, tadu ka kidras ieguve [[75-77], mezizstrade [78-80], cementa razoSana [81] un atkritumu
dedzinasana [82]. Iespéjama arT dzivsudraba nokl@isana vidé no nelegalam izgaztuvém [P7] un
pirma un otra pasaules kara militarajiem objektiem un to atlickam [83]. No dabiskiem avotiem

Latvija sastopami bebru diki, kuros noveroti dzivsudraba metilacijas procesi [80, 84].

1.4.2. Ietekme uz vidi un veseltbu

At8kiriba no daudziem citiem kimiskajiem elementiem nav zinama neviena biologiska
funkcija, kuras veiksanai biitu nepiecieSams kads no dzivsudraba savienojumiem [[70].

Cilveks var uznemt dzivsudrabu un ta savienojumus ieelpojot (galvenokart atomaro Hg),
caur adu un orali, piem&ram, ar ideni un partiku. Galvenais dzivsudraba avots daudziem cilvé-
kiem ir ar metildzivsudrabu piesarnotas zivis un juras produkti [71].

Dzivsudraba toksiskums atkarigs no ta oksidacijas—redukcijas stavokla un galvenokart tiek
saistits ar divalento oksidacijas pakapi. Pieméram, Skidra metaliska dzivsudraba saskare ar adu

neizraisa nevélamu reakciju, bet ta ieelpoSana var izraisit aktitu bronhitu, un Sis toksiskums ir
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organisma notiku$as oksidacijas uz Hg*" primarais rezultats. Toksiskumu ietekmé arT kimiska
forma, jo ta nosaka, ka dzivsudraba savienojumi mijiedarbosies ar organisma Stinam [70].

Dzivsudrabs izraisa divu tipu saindéSanos — akiitu un hronisku. Akiita veida dzivsudrabs
nonakot organisma lielaka daudzuma izraisa tadus simptomus ka v&dera un galvas sapes, vemsa-
nu, caureju, metalisku garSu mut€, nesp€ju kusteties, pneimonijas un bronhitus, aknu bojajumus,
ar1 navi. Hroniska saindeSanas notiek, regulari nonakot saskaré ar dzivsudraba piesarnojumu,
pieméram, ieelpojot dzivsudraba tvaikus, lietojot saindétu partiku vai tideni. Saja gadfjuma no-
tiek pakapeniska dzivsudraba uzkraSanas organisma, kas noved pie centralas nervu sisteémas
bojajumiem un psihiatriskam problémam [[70,[71].

Dzivsudrabs, jo 1pasi metildzivsudrabs, ir plasi pazistams ka neirotoksins, kas ietekmé gan
pieaugusos, gan bérnus. Ipasi smagi dzivsudraba klatbiitne ietekmé embrija attistibu. Pirms-
dzimSanas perioda iegiitie galvas smadzenu bojajumi bérnam var nozimé&t paléninatu garigo at-
tistibu, koordinacijas traucg€jumus, aklumu, nervu Ilekmes, valodas trauc€jumus lidz pat pilnigai
nespé&jai runat [[71].

Liela probléema saistiba ar dzivsudrabu ir ta sp&ja bioakumul&ties un biomagnificéties.
Tas nozimé, ka, pirmkart, dzivsudrabs netiek pilniba izvadits no organisma un pamazam taja
uzkrajas. Otrkart, notiek Hg koncentracijas palielinaanas baribas kede. So ipasibu dél ir svarigi
spét izmérit Gdent ar1 loti mazas Hg koncentracijas, jo caur baribas ke&di tas var pieaugt lidz

veselibai kaitigiem Itmeniem [85].
1.4.3. Dzivsudraba piesarnojuma ierobeZoSana

P&dgja laika arvien lielaka uzmaniba tiek pieversta dzivsudraba piesarnojuma ierobezosa-
nai un mazinasanai. 2017. gada 17. maija stajas speka ES regula nr. 2017/852 par dzivsudrabu
— par Hg eksporta, importa un industrialas razoSanas ierobezojumiem un aizliegumiem [86].
Regulas ietvaros Eiropa aizliegts, pieméram, dazadu mériericu, t.sk., termometru, barometru,
higrometru, un fluorescento spuldzu imports, tapat ievérojami ierobezota sudraba amalgamas,
kas satur Hg, lietoSana zobarstnieciba.

Driz péc Eiropas regulas pienemsanas, 2017. gada 16. augusta speka stajas art ANO Mina-
matas konvencija, kuru Sobrid ir ratific€jusi 141 pasaules valsts, tai skaita Latvija (2017. gada).
Minamatas konvencijas galvenie mérki ir dzivsudraba pielietojumu mazinasana, pakapeniska
dzivsudraba ieguves raktuvju likvidéSana, zelta ieguves regulé€Sana, ka arT emisiju gaisa, iident
un zemé kontroléSana, dzivsudraba atkritumu apsaimniekoSana un uzglabasana [87].

So pasakumu mérkis ir ierobezot dzivsudraba globalo apriti, péc iespéjas samazinat pirm-



1. TEORETISKAIS PARSKATS 27

reiz€ji iegiita dzivsudraba apjomu un drosi uzglabat jau sarazotos dzivsudraba atkritumus, lai
tie nenonak atpakal vide.
Petfjumi rada, ka ar $adiem ierobezojumiem ir iesp&jams panakt dzivsudraba koncentra-

ciju apkartgja vidé samazinaSanos [88,89].

Pielaujamas dzivsudraba normas Latvija
Ministru Kabineta noteikumos iestradatas normas par Hg pielaujamajam koncentracijam
Latvija ir $adas: gaisa — 1 pug/m?® [90], virszemes Gidenos — 0,07 ug/l, iidenu biotas organismos

(zivis) — 20 pg/kg (miksto audu mitraja masa), dzeramajam tdenim — 1 pg/l [91].

1.5. Arséns

1.5.1. Visparigs raksturojums

Arséns (As) ir pusmetals, tam piemit gan metalu, gan nemetalu 1pasSibas [92]. Ta kartas
numurs periodiskaja sistéma — 33, relativa atommasa — 74,92 u. Ars€nam ir viens stabils izotops.
Daba As sastopams daudzu mineralu sastava, lielakoties savienojumos ar séru un metaliem [92].

Ars@ns un ta savienojumi, jo 1pasi trioksids, tiek izmantoti pesticidu, herbicidu un insek-
ticidu razo$ana, koka izstradajumu apstradé. ST pielietojumu joma gan samazinas, picaugot
zinaSanam par arséna un ta savienojumu toksiskumu. Arsénu industriali izmanto ka leggjoso
lidzekli metalu sakausgjumos, stikla razoSana, krasu pigmentu, audumu, papira, koksnes kon-
servantu un municijas razoSana. Tapat arT ierobezota daudzuma pesticidos, partikas piedevas,

farmacija [92].

Arséna savienojumi

Arsénam ir Getras biezak sastopamas valentas formas — As~3, As®, As™3 un As™. Ir atklati
vairak ka 50 dazadi daba sastopami arsénu saturosi organiski un neorganiski savienojumi [93].

Merot arsénu vide, japieverS uzmaniba ta valences formai un savienojumu veidam, jo tadi
raksturlielumi ka toksiskums, biopieejamiba, mobilitate un fiziologiskie un metaboliskie procesi
ir atkarigi no kimiskas formas. Pret&ji dzivsudrabam, arséna neorganiskie savienojumi ir tok-
siskaki par organiskajiem, trisvertiga arséna savienojumi ir toksiskaki neka piecvertiga arséna
savienojumi [93]. Metilacijas procesi neorganiska arséna gadijuma darbojas ka detoksifikacija,
jO samazinas savienojumu sp€ja saistities ar organisma audiem.

Uden visbiezak sastopami neorganiskie arsenits As(IIl) un arsenats As(V), ka ari orga-

niskas metilétas arséna formas dimetilarsinats DMA un monometilarsonats MMA. Dala arse-
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na savienojumu biezak sastopami noteiktos biologiskos organismos, pieméram, arsenobetains

(AB) zivis, arsenocukuri — idens organismos [93], 94].

Arséna aprite daba

1.11] attela redzama ars€na savienojumu parvietoSanas daba. Redzams, ka piesarnojums
veidojas no antropogéniem un no dabas avotiem. Antropogenie avoti ietver riipniecibu un lauk-
saimnieciba izmantotos produktus, savukart dabigi arséns aprité nonak caur augiem, ideniem,
lietu, meZzu ugunsgréku un vulkanu izvirdumu rezultata [94].
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1.11. att. Arséna bio-geo-kimiskais cikls (adaptéts no [94]).
Ars@na izvietojums Zemes garoza ir nevienmerigs. Grunstiidenu piesarnojums ar arsénu
ir probléma, kas iectekmé miljoniem cilvéku dazados pasaules regionos. Neorganiskie arséna
savienojumi augsta koncentracija dabigi sastopami daudzu valstu gruntstidenos, piem&ram, Ar-

gentina, Bangladesa, Cile, Kina, Indija, Meksika un Amerikas Savienotajas valstis []15].
1.5.2. Ietekme uz cilveku veselibu

Dazas bakteriju sugas izmanto arséna savienojumus ka respiratoros metabolitus. Arséns
ka mikroelements ir svarigs uzturbagatinatajs zurkam, kamjiem, kazam, vistam [95] un iespé-
jams citam sugam. Vienlaikus, ja pieejama As koncentracija parsniedz nepiecieSamo nelielo
daudzumu, notiek saindéSanas. P&tijumi rada, ka dala augu ir pielagojusSies arséna uznemsanai
un izvadiSanai, ka arf atklats, ka vairakas augu sugas labi bioakumulé arsénu. Sos augus varé-
tu izmantot, piemé&ram, piesarnotas augsnes atveselosana [|15,96]. Nav zinams, vai arsénam ir
nozime cilvéku metabolisma.

Cilveki ar paaugstinatu arséna daudzumu sastopas, galvenokart, lietojot piesarnotu tde-

— dzerSanai, partikas gatavoSanai, darzu un lauku laistiSanai. Arséns atrodams ar1 daudzos

partikas produktos, jo 1pasi risos, ar1 citos graudaugos, gala, piena produktos, zivis un jiiras



1. TEORETISKAIS PARSKATS 29

produktos. Piesarnota augsné augusi tabaka var saturét lielakus arséna daudzumus, riskam pa-
klaujot smekétajus [97]. Ja augsné vai tidenT ir arséns, to var uznemt art caur adu [93].

Ietekmi uz veselibu var iedalit Tslaiciga un ilgtermina. Akitas arséna saindéSanas pazimes
ietver vemSanu, védera sapes un caureju. Tam seko ekstremitasu nejutiba un tirpSana, muskulu
krampji un ekstrémos gadijumos ar1 nave [97].

Savukart ilgstosa saskarsme ar neorganisko arsénu, parsvara caur dzeramo tideni un par-
tiku, var novest pie hroniskas saindéSanas. Pirmos simptomus ilgtermina atrodoties augstas As
koncentracijas ietekm@ noveéro uz adas — paradas pigmentacijas izmainas, adas sabiez&jumi un
bojajumi. Var attistities gremosanas trakta trauc&jumi, kardiovaskularas slimibas un nervu sis-
témas trauce€jumi [98]. Pieaug risks saslimt ar nieru, urinpiisla, aknu un plauSu vézi [97]. Ir
pétijumi ar1 par arséna ietekmi uz embriju un mazu bérnu attistibu. Ir izpétits, ka arséns $kérso
placentu, un tadgjadi mate, kas pateré piesarnotu uzturu, nodod arsénu ar1 augoSajam mazulim,
savukart zidaini ar kriits pienu to neuznem, jo As piena neizdalas [99].

Lai pasargatu cilvekus, dzivniekus un vidi no As kaitigas ietekmes, pastav dazadi notei-
kumi par maksimali pielaujamajam koncentracijam partika, gaisa, tident utml. Latvija noteikta
maksimali pielaujama As koncentracija gaisa — 6 ng/m® [90] un idenos — iek§zemes virszemes
tdenos robezlielums ir 150 pg/l, citos tidenos — 36 ug/l, savukart, tidenos, ko izmanto dzerama

tdens iegtiSanai, virszeme — 100 pg/1 un no pazemes — 10 ug/l1 [91].

1.6. Analitiskas metodes dazadu elementu mériSanai

Bez atomu absorbcijas spektroskopijas smago metalu noteikSanai tiek izmantotas daudzas
un dazadas paraugu sagatavoSanas un mérisanas metodes, ka ar1 to kombinacijas [51),100-102].
Metodes izvele atkariga no petama objekta 1pasibam — kads elements analiz€jams, vai mérama
kopé€ja smaga metala koncentracija, vai kvalitativi/kvantitativi nosakami konkréti savienojumi,
cik augsta jutiba nepiecieSama vai v€lama, tapat to ietekmé parauga veids (pieméram, Skidrs,
ciets vai gazveida) un matrica (parauga sastavs jeb uzbiive).

Gan dzivsudraba, gan arséna koncentracijas merisanai visbiezak izmanto atomu absorbci-
jas spektroskopiju un atomu fluorescences spektroskopiju, ka art atomu emisijas spektroskopiju
un induktivi saistitas plazmas masspektrometriju [51,]100,103]. Biezak izmantotas metodes pa-
raugu sagatavoSanai un dzivsudraba kopg€jas vai savienojumu koncentracijas noteikSanai ident

paraditas attela.
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1.12. att. Biezak izmantoto analitisko metoZu apkopojums (adaptéts no [51]).



2. Eksperimentalas iekartas un gaismas avoti

Darba pétitie augstfrekvences bezelektrodu gaismas avoti izgatavoti Latvijas Universitates
Atomfizikas un spektroskopijas institiita Augstas izskirsp&jas spektroskopijas un gaismas avotu

tehnologijas laboratorija.

2.1. Darba izmantotie gaismas avoti
2.1.1. Arsenu saturoSas augstfrekvences bezelektrodu lampas

Darba tika pétitas sferiskas formas arsénu saturosas augstfrekvences bezelektrodu lampas.

Lampas izgatavotas no kvarca stikla, to sferiskas dalas diametrs ir 10 mm a) atte-
1a). Lampam ir neliels paris milimetrus gar§ kapilars. Darba elements ir arséns, ka bufergaze
izmantots argons, bufergazes spiediens aptuveni 3 tori.

Arsénu saturo$a ABL kopa ar ierosmes generatoru redzama2.1/b) attéla. Sferiskas formas
ABL tiek ierosinatas induktivi saistita izlade, augstfrekvences elektromagnétiska lauka frekven-

ce ir aptuveni 100 MHz vai 300 MHz. Plazmas ierosme notiek sferiskaja tilpuma.

2.1. att. Arséna ABL (a) un ierosmes generators ar arséna ABL (b).

As lampas var izgatavot ar papildus ievietotu geteru vai bez ta. Geters ir materials, ku-
ru ievieto lampa ar mérki piesaistit dazadus taja esoSos nevélamus piemaisijumus, kas rodas
lampu izgatavoSanas procesa. Viens no ta ievietoSanas merkiem ir lampu starojuma stabilitates
uzlabogana [[104].

Arséna lampas spektrs relativas vienibas UV rajona no 180 nm Iidz 300 nm redzams
attela. Spektra izceltas tris As rezonanses linijas, kas ir interesantas absorbcijas pétiju-
miem — 189,0 nm (pareja * Psj» — 1S3 ,), 193,8 nm (pareja * Py s — *57,,) un 197,3 nm (pareja
Py — 159 12) [[105]. As UV spektralliniju limenshéma dota 1. pielikuma attela.

31
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2.2. att. As ABL spektrs UV rajona no 180 Iidz 300 nm.

2.1.2. Dzivsudrabu saturoSas augstfrekvences bezelektrodu lampas

Atomu absorbcijas spektrometros, kas paredzeti smago metalu, tai skaita, dzivsudraba,
koncentracijas merfjjumiem, tiek izmantoti vairaku formu gaismas avoti. Parsvara daudzele-
mentu AAS tiek izmantots sfeérisks balons ar 1su astiti (Iidzigi ka arséna gadijuma). Kvarca
balona diametrs ir 10 mm, astites garums — paris mm. lerosme notiek balona, un to ierosina
ar spoles palidzibu. Sadas formas izmanto$ana lauj standartizét gaismas avotus un to ierosmes
generatorus ar mérki spektrometru izmantot secigai vairaku elementu analizei.

AAS, kas paredz€ts tieSi dzivsudraba koncentracijas mérisanai (skat. nodalu), iz-
manto lampu ar garaku kapilaru (2.3] attéla). Ta veidota no aptuveni 20 mm gara cilindra ar

ieks€jo diametru 1 mm, kuram viena gala ir sferisks balons ar diametru 10 mm.

2.3. att. Hg kapilara ABL ar generatoru.

Sada gadijuma ierosinasana notiek lampas kapilara, savukart sferiska dala kalpo ka re-
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zervuars. Lampu darbina, izmantojot kapacitativi saistitus aréjos elektrodus. Pielikta augst-
frekvences elektromagnétiska lauka frekvence aptuveni ir 300 MHz, darbinasanas spriegums ir
apméram 3 — 9 V. Sadu lampas konstrukciju izmanto tikai dzivsudraba gadijuma, jo veiksmigai
realizacijai nepiecieSams elements ar augstu tvaiku spiedienu. Salidzinajuma ar sférisku lampu,
kapilara lampas forma lauj ierosmei izmantot mazaku jaudu, ka arT izlades zonas izméru dél tiek
samazinata Hg atomu reabsorbcija.

Darba ietvaros tika apskatitas abu formu augstfrekvences bezelektrodu lampas ar dzivsud-
raba tvaiku pildijumu. Ka bufergaze tika izmantots argons vai ksenons, to spiediens aptuveni
2 —3 tori.

Dzivsudraba ABL spektrs relativajas vienibas 180 — 600 nm rajona redzams attela.
Atomu absorbcijas spektrometrija izmanto 253,7 nm rezonanses spektralliniju (pareja 3P} —
150). Potenciali interesanta ir arT 184,9 nm spektrallinija (pareja * PP — 1.Sp) [105], jo ta varétu
sniegt labakus rezultatus neka Sobrid plasi izmantota 253,7 nm spektrallinija [[106], toméer tas iz-
mantosanu AAS apgriitina fakts, ka to ievérojami absorbé gaisa esosais skabeklis. Dzivsudraba

limenshéma dota 1. pielikuma attela.
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2.4. att. Hg augstfrekvences bezelektrodu lampas spektrs vilnu garumu 180 — 600 nm rajona.

2.1.3. Arsenu un dzivsudrabu saturoSas dobja katoda lampas

Darba apskatitas komerciali pieejamas arsénu un dzivsudrabu saturosas dobja katoda lam-
pas, kas pielagotas darbam daudzelementu atomu absorbcijas spektrometra. Lampu korpuss ir

140 mm gars, tas diametrs ir 38 mm. Sie izm&ri samérojami ar ABL ierosmes generatoru iz-
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mériem. Lampu pildjjuma ir attiecigi arséns vai dzivsudrabs ka darba elements un neons ka
bufergaze.

Abas merijjumiem izmantotas lampas paraditas attela.

Arséna DLK

Dzivsudraba DKL
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2.5. att. Arsénu un dzivsudrabu saturo$as dobja katoda lampas.

Arséna dobja katoda lampas spektrs vilnu garumu 180 — 300 nm rajona redzams attela.
Spektra redzamas intensivakas As spektrallinijas, tai skaita rezonanses spektrallinijas 189,0 nm,

193,8 nm un 197,3 nm. Rajona no 250 — 300 nm novérojamas neona spektrallinijas.
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2.6. att. Arsénu saturoSas dobja katoda lampas spektrs vilpu garumu 180 — 300 nm rajona.

Dzivsudraba dobja katoda lampas spektrs vilnpu garumu 200 — 600 nm rajona redzams
att€la. Starp dzivsudraba spektrallinijam noverojamas neona liniju grupas ap 330 — 370 nm

un 570 — 600 nm.
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2.7. att. Dzivsudrabu saturo$as dobja katoda lampas spektrs vilnu garumu 200 — 600 nm rajona.

2.2. Spektrometri
Spektralas informacijas iegtiSanai darba gaita tika izmantoti tris dazadas izSkirtsp€jas spek-

trometri.

2.2.1. Spektrometrs Avantes AVS-PC2000

Avantes AVS-PC2000 ir neliels ,,plug—in” tipa spektrometrs, kas savienots ar datora ma-
tesplati caur ISA (International Standard Architecture) tipa iek$gjas kopnes kontaktligzdu.

Spektrometram ir 2048 elementu CCD matricas detektors, kas vienlaicigi registré spektru
rajona no 190 lidz 850 mm. Sasléguma shéma paradita att€la. Starojuma aizvadiSanai uz
spektrometru tiek izmantota pret solarizaciju izturiga optiska Skiedra. Solarizacija ir optiskas
Skiedras centralas dalas iekrasoSanas UV starojuma ietekmé, kuras rezultata Skiedra degradg€jas

un samazinas tas transmisijas spéja.

AVS-PC2000
.

ABL l/optiské ikiedra

2.8. att. Shéma darbam ar Avantes spektrometru.

Dators

Spektrometram ir salidzinosi zema izskirtsp&ja (0,36 nm), tomer ta priekSrociba ir iesp€ja
atri iegiit spektralo informaciju, att€lojot visu uznemto spektru viena loga. Avantes spektrometrs

tika izmantots, lampu spektrala sastava noverteésanai, ka ar1 lampu stabilitates merjjumiem.
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2.2.2. Spektrometrs Jobin Yvon SPEX 1000M

Ar augstas izSkirsp€jas spektrometru Jobin Yvon SPEX 1000M tika iegita lielaka dala
spektru atomaro un molekulu liniju relativo intensitaSu mérjjumiem, ka arT liniju stabilitates un

pasmodulacijas rezima pétisanai. Iekartas shéma spektralajiem mérfjjumiem redzama attela.

CCD
kontrolieris PC
CCD
Symphony Jobin Yvon SPEX 1000M Spektrolrnetra
spektrometrs kontrolieris
) — O o

ABL Léca

2.9. att. Shéema darbam ar Jobin Yvon spektrometru.

Spektrometrs aprikots ar 1200 lin/mm difrakcijas rezgi, ta fokalais attalums ir 1 m un aper-
tura ir /8, starojums tiek registréts ar Simphony CCD detektoru (2048x512 matricas elementi,
UV jutigs, no priekSpuses apgaismots (front—illuminated), ar termoelektrisko dzes€Sanu (darba
temperatiira no —75°C Iidz —80°C)).

Spektru registrésanas diapazons —no 180 Iidz 850 nm, iz8kirtsp&ja— 0,008 nm. Vienlaicigi
tiek registréts spektrs 15 nm diapazona, plasaku diapazonu registracijai tiek uznemti vairaki
secigi spektra posmi. Registréjot spektrus paSmodulacijas reZima un stabilitates mérijumiem,
tiek izmantota laika funkcija, kas automatizeti lauj veikt daudzus secigus izvéléta 15 nm spektra

diapazona mérijumus.

2.2.3. Furje transformaciju spektrometrs Bruker IFS—125HR

Ipasi augstas izSkirtsp&jas spektru registréSana Iniju profilu pétijumiem tika veikta ar
Furjé tranformaciju (FT) spektrometru Bruker IFS—125HR. attéla paradita merfjjumu she-
ma.

Spektri tikai iegiiti redzamaja un UV spektra rajona. Ka starojuma detektors tika izmantots
fotoelektronu pavairotajs (FEP), kas attiecigi pielagots darbam UV vai redzamaja diapazona.
Ar $o spektrometru vilnpu garumi tika registréti apgriezto centimetru skala, tade] pirms datu
spektroskopiskas apstrades, tie tika parveidoti uz nanometriem. Spektrometra izSkirtsp&ja ir

0,0015 cm™* jeb 5,4-107° nm.
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2.10. att. Shema darbam ar FT spektrometru.

2.3. Dzivsudraba koncentracijas meriSana — iekartas un metodologija

2.3.1. Dzivsudraba analizators RA-915M

Dzivsudraba analizators RA-915M ir kompakts spektrometrs dzivsudraba koncentracijas
meériSanai gaisa. Zé€mana efekta izmantoSana starojuma fona korekcijai lauj iegiit iekartu ar loti
labu noteik3anas robezu (noteik8anas robeza gaisa ir 1 — 2 ng/m? [P7]), vienlaikus nodroginot
salidzino$i nelielu izméru un svaru.

Viena no iekartas galvenajam sastavdalam ir augstfrekvences bezelektrodu izlades lampa,
kas pildita ar dzivsudraba izotopa tvaikiem (para izotops *®Hg vai 2**Hg) un ievietota pastaviga
magnétiskaja lauka. STlampa ir Hg kapilara lampa, kas vairak aprakstita nodala.

Analizatora darbibas princips [35] paradits attela.

Zémana dzivsudraba
triplets

Dzivsudraba
lampa

Absorbcijas lTnijas kontirs

2.11. att. Analizatora darbibas princips [107,108].

Z@mana efekta dé] dzivsudraba para izotopiem (kodola spins / =0) 253,7 nm spektrallinija
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tiek saskelta tris polariz€tas komponent€s — lineari polarizéta m komponente un divas cirkula-
ri polarizétas o un ot komponentés. Paraugu analizei tiek izmantotas tikai ¢ komponentes.
Piemeklgjot atbilstoSu magnétiska lauka intensitati, tiek panakts, ka 0~ komponente sakrit ar
dzivsudraba absorbcijas profila centru, savukart o+ komponente novirzas nost no absorbcijas

profila.

Polarizacijas modulators (darbojas ar apméram 50 kHz frekvenci) parmainus laiz cauri vai
nu o, vai ot komponenti, talak starojums tiek virzits caur analizes kameru jeb daudzgajienu
kiveti, kuras optiskais garums ir ekvivalents aptuveni 10 m, un gala tas tiek registréts ar foto-
elektronu pavairotaju, mérjjumus sinhronizgjot ar polarizacijas modulatora vadibu. Analitiskais

signals un iegiita informacija tiek att€lota uz datora vai analizatora ekrana.

Analitisko signalu defing $adi:

S =1ln (Z—*) . 2.1)

Ja analizes kamera dzivsudraba atomu nav, tad abu o komponensu intensitates 77 un [
ir vienadas, un analitiskais signals S = 0. Ja analizes kamera nokliist dzivsudraba atomi, tad
analitiskais signals S pieaug, jo absorbcijas rezultata o~ komponentes intensitate /- samazinas,

bet ot komponentes intensitate /" paliek nemainiga.

Ta ka abu ¢ komponensu relativa nobide ir daudz mazaka par dazadu molekulu izklie-
des un absorbcijas spektralliniju platumiem (A\ ~0.003 nm), tad gadijuma, ja analizes kamera
noklust putekli, aerosoli vai citu vielu molekulas, abu o komponens$u intensitates samazinas
vienlaicigi un to attieciba paliek nemainiga. Tadgjadi analitiskais signals ir atkarigs tikai no
dzivsudraba koncentracijas un nemainas atkariba no sveSu piejaukumu klatbiitnes analizes ka-

mera.

2.3.2. RP-92 paligierice Hg koncentracijas meérijumiem Skidrumos

Dzivsudraba koncentracijas mériSanai tideni tika izmantots analizators kopa ar paligierici
RP-92 (R.12] attela). Darba ar paligiekartu RP—92 izmanto auksta tvaika atomizacijas metodi
(skat. nodalu).

Izmantojot auksta tvaika metodi, iekartai Hg koncentracijas noteik$anas robeza tident ir

0,5 ng/1 [108].
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2.12. att. Dzivsudraba analizators RA-915M ar paligierici RP-92 [107].

2.3.3. Udens testa paraugi un to sagatavoSana mérijumiem

Dzivsudraba koncentracijas meérijumi iidens paraugos notika Brook Rand Labs organizgta
starplaboratoriju pétijuma ietvaros.

Paraugus ievakSanu no trim paraugu nemsanas vietam, kas atrodas Amerikas Savieno-
to Valstu Vasingtonas Stata (Heron Pond, Sunset Pond, Everett North), nodroSinaja p&tjjuma
organizatori. P&c paraugu ievaksSanas tie tika konservéti ar salsskabes Skiduma palidzibu, lai
nodroSinatu tident esosa dzivsudraba neiztvaikosanu. Lai maksimali nodroSinatu paraugu vien-
adibu, tika veikta ievakto paraugu homogenizacija un riipiga parbaude, lai nodroSinatos pret
piesarnojumu sagatavosanas laika [[109].

P&c paraugu sanemsSanas 4 nedelu laika bija javeic to analizes un jazino iegiitie rezultati.

Lai sagatavotu paraugus mérjjumiem, tika veikta to mineralizacija, kuras laika viss parau-
ga esoSais dzivsudrabs tiek parversts Hg?* jonos. Secigu darbibu shéma, kada notiek parauga
mineralizacija, paradita attela. P&c mineralizacijas veikSanas paraugs ir gatavs mériju-

miem.

50 ml kolbd ielej:

35 ml parauga Tur kolbu
+ 3.5 ml kone. H,S0O, — 8-10h —
+ 1,0 ml konc. HNO, istabas temperatira
+2.0 ml KMnO, (50 /1)
+ 1.5 ml K,8,0, (50 g/l)

+ 1,0 ml NH2OH*HCI (100 /1) | Paraugs gatavs
+ destilets tdens lidz atzime meérijumiem

2.13. att. Kimisko $kidumu pievienosanas shéma paraugu sagatavosanai ar permanganata—peroksida mine-
ralizacijas metodi.

Meérijumu metodologija un norise
Lai sagatavotu iekartu darbam, tika veikta tas kalibracija, izmantojot NIST SRM 3133

standartu dzivsudraba mériSanai Skidrumos.
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Stradajot ar nelielam dzivsudraba koncentracijam, tiek izmantotas divas piltuves — at-
balsta piltuve, kura ieliets NaOH $kidums iekartas pasargasanai no skabju tvaikiem, un darba
piltuve, kura tiek liets SnCl, Skidums jeb ta sauktais atjaunoSanas $kidums un méramais paraugs
tilpumu attieciba 2:5. Paraugam sajaucoties ar atjaunosSanas Skidumu, notiek dzivsudraba jonu
parvérSana atomaraja dzivsudraba Hg', kas talak ar gaisa pliismas palidzibu no piltuves nonak
analitiskaja kivetg, kur to registré analizators RA-915M.

Rezultats tiek izvadits un saglabats uz datora, bet gaiss, pec attiriSanas absorbcijas filtra,

caur rotametru un siikni nonak apkartgja vide.

2.3.4. PIRO-915+ paligierice Hg koncentracijas mérijumiem cietas vielas

Izmantojot RA-915M komplektacija ar pirolitisko krasni PIRO-915+ (R.14] attela), ie-
sp&jams veikt dzivsudraba koncentracijas mérfjumus dazados biologiskos, dabas un partikas
produktu paraugos. Sis metodes prieksrociba ir paraugu sagatavo$anas vienkar§iba — cietus pa-
raugus nav nepiecieSams $kidinat un citadi kimiski sagatavot mérfjjumiem. Minimala paraugu

priekSapstrade samazina analiz€jama elementa zudumu un paraugu piesarnosanas risku.

2.14. att. Dzivsudraba analizators RA-915M ar paligierici PIRO-915+ [107].

Saja iekarta ar pirolizes palidzibu visu parauga eso$o dzivsudrabu parvers atomaraja dziv-
sudraba. Paligiekartas shéma redzama 4. pielikuma.
Merijumiem cietas vielas iesp&jams sasniegt noteikSanas robezu 0,5 — 5 ng/g (augsnei —

zemika robeza, organiskiem materialiem — augstaka) [[108].

2.3.5. Dabas paraugu visparigs apraksts

Dazadu dabas paraugu izmantoSana vides monitoringam ir plasi izmantots panémiens pie-
sarnojuma novértesanai vide [27]. Pieméram, putnu gadijuma var analizét izveleta toksiska ele-
menta klatbiitni asinis [[110], spalvas [[110, [111], olas [112,113] un to ¢aumalas [[113-115] un
[P1, P3, P4], ar feces [P3, K1d].
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Pétnieku intereses ir péc iesp&jas izmantot neinvazivas metodes, jo tadu paraugu iegiisana
ir vienkar$aka un mazak traucg putniem [[113,[115], ar7 [P1, P4]. Papildus, olu gadijuma — p&tot
olu caumalas (SkiluSos olu vai tadu, kas kaut kadu iemeslu dél nav veiksmigi izperétas), ne-
tiek ietekm@ts dzivotsp&jigo jauno putnu skaits, kas ir Tpasi svarigi aizsargajamu sugu gadijuma
[P1]. Tadi Latvija ir arT melnie starki (Ciconia nigra), jo dazadu apstaklu ietekme (meZizstrade,
problémas ar baribas atraSanu, vides piesarnojums) samazinas Latvija sekmigi ligzdojoSo putnu
paru skaits [26].

Melnie starki ir zivjédajputni, nelielas saldiidenu zivis sastada lielako dalu to &dienkartes.
Siiemesla dél tie ir paklauti lielakam dzivsudraba uznemsanas riskam Hg akumulacijas baribas
kede del [29,116].

Papildus informacijai par Hg [imeni daZzados audos un organos, iesp&jams analizet pie-
sarnojuma rasanas c€lonus un vietu. No paraugu veida atkarigs, kada tipa dzivsudraba ietekmi
tie ataino, piem&ram, aknas un spalvas parada Hg, kas krajies ilgaka laika perioda, bet asinis
un olas parada nesenas dienkartes ietekmi, tadel tas var saistit ar Hg piesarnojumu ligzdoSanas
areala [116].

Ne vienmér konkréts paraugu veids ir pieejams, tas ir sarezgiti iegiistams, vai ari nav ie-
teicams to ievakt, tade] petnieki peta, ka savstarp€ji saistiti dazadu paraugu veidi. Pieméram, ir
pétijumi, kas mekl€ sakaribas starp dzivdraba koncentracijam asinis un olas [|117], olas dzeltenu-
ma, albumina un aumalas [113-]115,[117]. Korelacija starp noteiktiem paraugiem lauj izvel&ties
mazak invazivas metodes. Olu gadijuma, ja Hg koncentracija caumalas korel€ ar olu saturu, tas
lautu ievakt nevis veselas olas, bet pec peréSanas laika beigam savakt iz§kiluSos olu ¢aumalas,
tadejadi gan saglabajot dzivotsp&jigas olas, gan samazinot mijiedarbibu ar putniem, tos mazak

traucgjot [113,115].

2.3.6. Paraugu ievakSana un sagatavoSana merijjumiem

Saja darba tika veikti dzivsudraba koncentracijas mérijumi melno starku olu ¢aumalas un
fecés. Merfjumi tika veikti sadarbiba ar ornitologu Dr. Biol. Mari Strazdu, kur§ ievaca un
markgja paraugus.

Paraugi tika ievakti no ligzdvietam visa Latvijas teritorija.

P&c savaksSanas olu aumalu paraugi tika notiriti un izzavéti istabas apstaklos. Pirms me-
rijumiem membranas tika atdalitas no caumalam, un gan vienas, gan otras tika sasmalcinatas ar
piestas un piestalas palidzibu.

Gadijumos, kad nav iesp€jams atdalit membranas no ¢aumalam, mérijjumiem izmanto
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jauktus paraugus. Literattira minéts, ka biezi caumalu mérijumos membranas netiek atsevis-
ki atdalitas, ka arT tiru Caumalu mériSanu apgritina tieSi piejamas aparattiras ierobezojumi, jo
koncentracijas ir parsvara ir loti nelielas [[114]. Misu riciba esosa analizatora noteikSanas robeZa
0,5 ng/g bija pietickami zema, lai sekmigi veiktu mérfjjumus caumalas.

F&cu paraugi tika ievakti kopa ar vegetaciju, uz kuras tie atradas (zari, lapas, mizas). Talak
tie tika mark&ti ar ievaksanas laiku un ligzdas numuru. Pirms mérjjumu veikSanas mésli tika p&c

iesp&jas atdaliti no vegetacijas, ka ar tika novertets to vizualais izskats (krasa).

Meérijumu metodologija un norise

Pirms darbu uzsaksSanas tika saslégta iekarta un uzkarséta pirolitiska krasns. Lai sagatavo-
tu iekartu darbam, bija javeic tas kalibré$ana ar atbilstosu references materialu. Caumalu mérisa-
na tika izmantots gliemenes audu standarts ERM—-278k (European Commission Joint Research
Centre), bet feCu merisanai — standarts BCR—060 (Lagarosiphon major, European Commission
Joint Research Centre).
Talaka darba gaita ir Sada:

1) Sagatavotais paraugs tiek ievietots speciala kvarca laivina—karotit€ un nosverts. Parauga
iesvars bija vidgji 50 — 100 mg saussvara caumalam, 20 — 30 mg saussvara membranam
un 10 — 30 mg saussvara feceém.

2) Laivina ar paraugu tiek ievietota pirolitiskas krasns atomizatora pirmaja kambari, kur tas
tiek uzkarséts Iidz 520 — 580 °C.

3) Parauga esoSie dzivsudraba savienojumi iztvaiko un dalgji sadalas, veidojot metalisko Hg.

4) Dzivsudraba tvaiki kopa ar pargjam gazveida dalinam ar gaisa plismas palidzibu nonak
atomizatora otraja kambari, kur notiek pilniga Hg savienojumu sagrausana 650 — 750 °C
temperatiira.

5) Talak gaisa plisma nogada Hg atomus analitiskaja kivet (ta uzsildita Iidz 680 — 730 °C),
kur tiek izmérita gaismas absorbcija;

6) legitais rezultats tiek registréts datorprogramma, un péc mérijuma veikSanas tiek apreki-
nata Hg koncentracija.

Katram paraugam meérijumi tika atkartoti vidgji piecas reizes, un datu izkliedes noverte-

Sanai tika aprékinata standartnovirze.



3. Arsénu saturoSu augstfrekvences bezelektrodu lampu

spektralie mérijjumi

Darba ietvaros tika apskatitas 20 arsénu saturosas augstfrekvences bezelektrodu lampas,

kuras var iedalit divas grupas — 16 lampas bez getera un 4 lampas ar tajas ievietotu geteru.

Lai katru lampu varétu identificet, izgatavojot tam tiek pieskirts kartas numurs. Att€lojot
rezultatus, izmantots §is, lampam pieskirtais, numurs. Lampas ar geteru apzimétas ar ,,G” (G1,
G2, G3, G4), lampas bez getera apziméetas ar ,,L” (L1, L2, L3, L4, L5, L8, L11, L13,L14, L15,
L16,L17,L18,L19, L21, LK).

Visas darba pétitas As spektrallinijas un to raksturlielumi doti tabula. Ipasa uzmaniba

tika pieversta rezonanses spektrallinijam ar vilnu garumiem 189,0 nm, 193,8 nm un 197,3 nm.

3.1. tabula.
Darba izmantoto arséna spektralliniju vilnu garumi, limeni un parejas varbiitibas [105].

Vilpa garums Apaks$gjais Iimenis ~ Augs€jais [imenis ~ Parejas varbiitiba

A, nm Ay, 103 57!
189,0 ISP 5,1 454 (*P)5s [ Pya] 2.7
193.,8 4sPpP 1591 4s24p*(*P)5s [ Pyya] 22
197.3 4sP4pP 1591 4s24pA(*P)5s [*Pyja] 2.0
235,0 4sP4pP 2D3),] As*4pP(P)5s [2Pys] 3.1
2457 4sP4pP [2D2,,] AsPApR(PP)5s [Py 0,072
278,0 45%4p3 [2P§/2] 45*4p*(*P)5s [ Ps o] 0,78

Arséna lampu spektri tika petiti atkariba no

1) to izgatavoSanas veida (ar geteru un bez getera);
2) ierosmes generatora sprieguma vai jaudas;

3) izmantota generatora veida.

Darba ietvaros tika novertéta As spektralliniju pasabsorbcija, intensitate un starojuma sta-
bilitate, pétits As lampu paSmodulacijas reZims, ka ar1 noverteta lampas esosas gazes tempera-

tura.

43
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3.1. Getera ietekmes uz arséna augstfrekvences bezelektrodu lampas

spektriem noteikSana

Getera galvenais mérkis ir ,,savakt” izgatavoSanas procesa lampa nonakuSos piemaisiju-
mus, kas var ietekmé&t lampu darbibu, un panakt, ka spektra galvenokart novérojamas tikai arséna
un argona spektrallinijas.

Lampu izgatavoSanas procesa tajas nonak dazadi tidenradi, skabekli, slapekli un oglekli
saturo$i savienojumi, pieméram OH™, Ny, CO,, CO u.c.

Neliels spektra, kura noveérojamas molekulu joslas, piemérs redzams a) attéla, kura
paradits lampas bez getera spektra diapazons no 240 nm [idz 340 nm ar labi redzamam molekulu
joslam 250-300 nm rajona, pie 306 nm un 310-335 nm rajona. Lampai ar geteru registrétais
spektrs Saja diapazona, tados paSos apstaklos, paradits b) atteéla. Salidzinot abus att€lus,

redzams, ka piemaisijumu molekulu intensitates ir vairakas reizes mazakas.
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3.1. att. As ABL spektra diapazons no 240 nm Iidz 340 nm a) lampai bez getera; b) lampai ar geteru.

Lampu izgatavoSana izmantotajam arsénam bieZi ir novérojams neliels dzivsudraba pie-
jaukums. Hg 253,7 nm un 313 nm tripleta (312,6 nm, 313,15 nm un 313,18 nm) spektralliniju
klatbiitne As ABL bez getera redzama a) attela. Savukart b) attela paradits tas pats
spektra rajons no 250 nm Iidz 320 nm lampai ar geteru, un $aja gadijuma Hg spektrallinijas nav
noveérojamas.

Izmainas, kas novérojamas un att€los redzamajos spektros, parada, ka geters dar-

bojas. Ta klatbiitn€ ievérojami samazinas nevélamo piemaisijumu daudzums.
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3.2. att. As ABL spektra diapazons no 250 nm Iidz 320 nm a) lampai bez getera; b) lampai ar geteru.

3.2. Arséna spektralliniju intensitasu pétijumi

Spektralliniju relativas intensitates tika registrétas ar Jobin Yvon spektrometru (skat.
nodalu). Integralo intensitasu iegtiSanai tika izmantota programmas OriginPro 2019b funkcija
Integrate.

Katra spektrallinija pie katras jaudas vértibas tika registréta 5 reizes, un no tam apreki-
nata vidgja vertiba. Spektralliniju intensitates atskiribu raksturosanai izmantota standartnovir-
ze. legutas kliidas vertibas bija atkarigas no spektralliniju intensitates — mazakam intensitatem
standartnovirzes vertibas bija lielakas, tomer, ar atseviskiem izn@mumiem, relativas kliidas ne-

parsniedza 5 % robeZzu.

3.2.1. Arsena rezonanses spektralliniju relativas intensitates

Viens no svarigiem lampu darbibas novértésanas soliem ir spektralliniju intensitates iz-
mainu noteikSana atkariba no ierosmes generatora jaudas (vai sprieguma, stravas). attéla
paradita intensitates izmaina atkariba no ierosmes generatora jaudas 12 — 22 W diapazona trim
arséna rezonanses linijjam 189,0 nm, 193,8 nm un 197,3 nm septinas As ABL, kuras nesatur
geteru. Pargjas 9 no apskatitajam 16 lampam pie salidzinosi zemas generatora jaudas pargaja
pasmodulacijas rezima (skat. nodalu), tadg] tas Sajos grafikos netika icklautas.

Teorétiski ir sagaidams (skat. tabulu), ka visintensivaka biis 189,0 nm spektrallini-
ja, bet 197,3 nm spektrallinijas intensitate biis vismazaka. No att€la redzams, ka izméritas

189,0 nm spektrallinijas intensitates ir vairakas reizes mazakas par 193,8 nm un 197,3 nm spek-
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3.3. att. Relativas intensitates izmainas atkariba no ierosmes generatora jaudas 12 — 22 W diapazona arséna
rezonanses spektrallinijam ar vilnu garumiem 189,0 nm, 193,8 nm un 197,3 nm augstfrekvences bezelektrodu
lampas bez getera. Piezime: uzskatamibai eksperimentali iegiitie punkti savienoti ar Iiniju.

tralliniju intensitateém. Lidzigi noveérojams, ka 197,3 nm linjjas intensitates ir augstakas par
193,7 nm Iinijas intensitatem.

Sis atskiribas ir saistitas ar diviem faktoriem — pirmkart, spektrometra jutiba 180 — 200 nm
rajona strauji mainas, un pie 189 nm ta ir zemaka (skat. spektrometra Jobin Yvon jutibas Iikni
2. pielikuma attela ), un, otrkart, rajona no 180 — 200 nm strauji pieaug gaisa esosa ska-
bekla absorbcijas sp&ja (skat. skabekla absorbcijas likni 2. pielikuma atteéla). No gaismas
avota 11dz spektrometra matricai starojumam javeic relativi liels attalums gaisa (2 m), un tadgl
gaisa esoSais skabeklis var dalu §1 starojuma absorb&t. Abu So iemeslu dé] novérota 189,0 nm
spektrallinijas intensitate ir mazaka neka abam pargjam rezonanses liijam.

Izmantojot ABL atomu absorbcijas spektrometros, starojumam veicamais attalums ir ma-
zaks, tomer gaisa esosais skabeklis var to dal&ji absorbét. Tas janem vera, izveloties absorbcijas
mérfjumiem piemérotako spektralliniju.

Salidzinot datus par vairakam ABL, redzams, ka starojuma intensitate lampas nedaudz
atSkiras. Lampu L3 un L14 spektrallinijam noveérojama lielaka relativa intensitate neka parejas
lampas. Atskiribas starp lampam skaidrojamas ar tadiem faktoriem ka lampu izgatavoSanas pro-
cess un darbinasanas apstakli. Lai gan lampas parasti tiek izgatavotas nelielas grupas, katra no
tam uzskatama par atseviSku individu, jo dala izgatavoSanas solu, ka pieméram, nokauséSana
un apstrade péc nokauséSanas, tiek veikti katrai lampai atseviski. Savukart darbinasanas apstak-
lus ietekmé apkartgja vide, pieméram, temperatiira, un lampas novietojums ierosmes generatora

spolé. Lai labak var€tu salidzinat lampas sava starpa, tiek maksimali izv€leti vienadi meriSanas
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apstakli, tome@r iesp&jamas novirzes.

Vienlaikus, redzams, ka lampu grupa novérojamas kopigas tendences — visas lampas sa-
glabajas ieprieks aprakstita spektralliniju attieciba, spektralliniju intensitates ir ar pietiekami I1-
dzigam veértibam. Visam lampam noveérojams sagaidamais spektralliniju intensitates pieaugums,
palielinot ierosmes generatora jaudu. Pie augstakam jaudas vértibam redzams, ka starojums sak

sasniegt piesatinajumu un intensitate talak nepieaug. Viens no iesp&jamiem skaidrojumiem tam

ir $o spektralliniju paSabsorbcija (skat. nodalu).

Cetras no pétitajam 20 As ABL bija ar geteru. Tam As rezonanses liniju 189,0 nm,

193,8 nm un 197,3 nm intensitasu izmaina atkariba no ierosmes generatora jaudas 11 — 22 W

diapazona paradita attela.
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3.4. att. Relativas intensitates izmainas atkariba no ierosmes generatora jaudas 11 — 22 W diapazona arséna

rezonanses spektrallinijam ar vilnu garumiem 189,0 nm, 193,8 nm un 197,3 nm augstfrekvences bezelektrodu
lampas ar geteru. Piezime: uzskatamibai eksperimentali ieglitie punkti savienoti ar Iiniju.

T T 1 T T
10 12 14 16 18 20 22

ArT lampam ar geteru novérojams, ka 189,0 nm spektrallinijai registréta viszemaka in-
tensitate, bet 197,3 nm spektrallinijai — visaugstaka intensitate. Spektralliniju intensitate pie
mazakam ierosmes generatora jaudam ir Iidziga visas Cetras lampas, bet, jaudai paliclinoties,
intensitates lampas pieaug atskirigi strauji. Vismazakas relativas intensitates vertibas noverotas
G2 lampai, savukart visaugstakas — G3 lampai.

Salidzinot lampas bez getera un lampas ar geteru, redzams, ka relativa intensitate G1 un
G4 lampam ir lidziga tai, kada registréta lampam bez getera. Attiecigi lampai G3 spektralliniju
intensitate ir augstaka, bet G2 lampai nedaudz zemaka neka lampam bez getera. Atskiriba no
lampam bez getera, lampam ar geteru novérots straujs intensitaSu pieaugums, palielinot ieros-

mes generatora jaudu. Dotaja jaudas diapazona netiek novérota starojuma piesatinasanas. To
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varétu skaidrot ar getera sp&ju piesaistit tos atomus un molekulas, kas potenciali varétu samazi-
nat emisijas starojuma intensitati.

Var secinat, ka getera pievienoSana uzlabo lampu spektralas 1pasibas.

3.2.2. Ierosmes generatora ietekme uz spektralliniju intensitati

Dazas As lampas tika pétitas izmantojot 2 generatorus — ar ierosmes frekvenci 300 MHz
(darba rezima spriegums 9 — 15 V) un 100 MHz (darba rezima spriegums 20 — 29 V). 100 MHz
frekvences ierosmes generators tika darbinats pie 20 — 29 V sprieguma, kas atkariba no lampam
pievaditas stravas, atbilda apméram 11,5 — 20,5 W jaudai. 300 MHz frekvences ierosmes gene-
rators tika darbinats pie 9 — 15 V sprieguma, kas attiecigi atbilda apméram 4,0 — 12,0 W jaudai.
Izveletais darbinasanas spriegums saistits ar lampas notiekosajiem procesiem — izvéléts diapa-
zons, kura registrétais As spektralliniju starojums ir pietiekami intensivs (novérojama H—izlade)
un stabils (pie augstakam jaudas vertibam iesp&jama paSmodulacijas rezima saksanas).

legiitas relativo intensitasu vertibas As 189,0 nm, 193,8 nm un 197,3 nm spektrallinijam

atkariba no ierosmes generatoru jaudas lampai bez getera paraditas attela, bet lampai ar

geteru — attela.
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3.5. att. Rezonanses spektralliniju 189,0 nm, 193,8 nm un 197,3 nm intensitasu salidzinajums atkariba no
ierosmes generatora jaudas, izmantojot generatorus ar 300 MHz (pa kreisi) un 100 MHz (pa labi) ierosmes
frekvenci, lampai bez getera. Piczime: uzskatamibai eksperimentali iegiitie punkti savienoti ar liniju.

Abam lampam, izmantojot 300 MHz frekvences ierosmes generatoru, As rezonanses Ii-
niju emisija ir ar lielaku intensitati neka izmantojot 100 MHz frekvences ierosmes generatoru.
Lampas bez getera gadijuma visam 3 spektrallinijam ar 300 MHz frekvences ierosmes gene-
ratoru iegita maksimala relativa intensitate ir apméram 3 reizes augstaka neka ar 100 MHz
frekvences ierosmes generatoru. Lampas ar geteru gadijuma intensitasu attieciba ir mazaka —

189,0 nm spektrallinijai relativas intensitates ir sava starpa lidzigas, bet 193,8 nm un 197,3 nm
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3.6. att. Rezonanses spektralliniju 189,0 nm, 193,8 nm un 197,3 nm intensitasu salidzinajums atkariba no
ierosmes generatora jaudas, izmantojot generatorus ar 300 MHz (pa kreisi) un 100 MHz (pa labi) ierosmes
frekvenci, lampai ar geteru. Piezime: uzskatamibai eksperimentali iegiitie punkti savienoti ar liniju.

linijam maksimala intensitate atskiras apméram 2 — 2,5 reizes. Jebkura gadijuma redzams, ka
augstfrekvences bezelektrodu lampas ar geteru spektralliniju intensitates ir lielakas.

Tapat redzams, ka, izmantojot 300 MHz frekvences generatoru, nepiecieS$ama mazaka
darbinasanas jauda, lai sasniegtu augstas intensitates — tas iesp&ams sasniegt pie 10 — 12 W
jaudas lampa ar geteru un 8 — 10 W jaudas lampa bez getera. lerosinot ar 100 MHz frekvences
generatoru, augstakas spektralliniju intensitates sasniedzamas pie 18 — 20 W jaudas.

Darbinasana pie mazakas jaudas pagarina ari lampas dzives laiku [9], tad€l generators ar

augstaku darbinaSanas frekvenci ir potenciali piemé&rotaks AAS lampu ierosmei.

3.3. Pasabsorbcija

Viena no galvenajam prasibam ABL tas izmantoSanai AAS ir minimala izmantoto spek-
tralliniju pasapsorbcija, jo tas ietekme samazinas liniju intensitate un tas kliist platakas.

Lai noteiktu paSabsorbcijas ietekmi, As spektrallinijas tika méritas ar Furjé spektrometru
(skat. nodalu) [P2, P3]. Tomér ari $aja gadijuma, lai iegitu redlos Iiniju profilus un va-
rétu novertet pasapbsorbcijas klatbiitni, no eksperimentali iegiita spektra nepiecieSams nonemt
spektrometra aparaturas funkciju (skat. nodalu).

Talak apliikota As rezonanses spektralliniju paSabsorbcija divas arséna lampas.

Pirmaja lampa uzmaniba vairak pievérsta 197,3 nm spektrallinijai [P3].

a) attela paradits As 197,3 nm spektrallinijas kontiirs pie 9,8 W generatora jaudas
pirms un péc spektrometra aparatiiras funkcijas nonemsanas. Redzams, ka, lai gan aparatiiras
funkecija tikai nedaudz ietekmé linijas platumu, tomér ta ,,slépj” linijas pasapgrieSanas dzilumu.

b) attela apkopoti 197,3 nm spektrallinijas kontiiri pie ierosmes generatora jaudas
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3.7. att. As 197,3 nm spektrallinijas kontiirs un ta izmainas: a) eksperimentali uznemtais kontiirs un kontiirs
péc aparatiiras funkcijas nonemsanas, b) kontiira izmainas atkariba no ierosmes generatora jaudas 5,2 — 9,8
W diapazona, péc aparatiiras funkcijas nonemsanas [P5]. Piezime: uzskatamibai eksperimentali iegiitie punkti
savienoti ar Itniju.
vertibam robezas no 5,2 W lidz 9,8 W. Pie 5,2 W linija nav pasapgriezta, bet, palielinot jaudu,
ta paSapgriezas un iekritums linijas centra padzilinas, vienlaikus pieaug arf Iinijas platums.
Spektralliniju pasabsorbciju var raksturot ar paSabsorbcijas koeficientu 1,4,/ 1o, kur 1,4,
ir spektrallinijas maksimala intensitate, bet [ ir intensitate spektrallinijas centra (skat. no-
dalu).
KajauB.7,b) attéla vargja redzet, pieaugot generatora jaudai, pasabsorbcija pieaug. at-
tela, paradita attiecibas I,,,, /[ izmaina atkariba no ierosmes generatora jaudas. PaSabsorbcijas
koeficients noteikts gan eksperimentali registrétajam spektrallinijas kontiiram, gan kontiiram

péc spektrometra aparatiiras funkcijas nonemsanas.
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3.8. att. Pasabsorbcijas koeficienta I,,,,. /I pirms un péc aparatiiras funkcijas nonemsanas izmaina atkariba
no ierosmes generatora jaudas As 197,3 nm spektrallinijai [P35, K12

Iegtitas pasabsorbcijas koeficienta I,,,, /Iy vertibas iesp&jams aproksimét izmantojot eks-
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ponentes vienadojumu

y = Ae 't 4+ y,. (3.1)

Izmantojot programmas OriginPro2019b funkciju Simple Fit tika iegiiti atbilstoSie viena-

dojuma koeficienti A, ¢ un y, kas apkopoti tabula.

3.2. tabula.
Aproksimacijai izmantota eksponentes vienadojuma péc piedziSanas iegiitie koeficienti un liknes rak-
sturojosie R? koeficienti.

Dati A t Yo R2
eksperimentalie 5,69 -10~' -0,40 1,16 0,98
péc apstrades 6,11 -107*2 -036 1,37 0,98

Var secinat, ka paSabsorbijas koeficienta vertiba, pieaugot ierosmes generatora jaudai,
pieaug eksponenciali. Balstoties uz datiem par pasabsorbciju, §ts lampas optimala darbibas
jauda ir aptuveni 9 W.

Savukart, salidzinot pasabsorbcijas koeficienta vertibas spektrallinijai pirms un péc apa-
ratiiras funkcijas nonemsanas, redzams, ka pie lielakas ierosmes generatora jaudas koeficienti
atSkiras vairak — aparatiiras funkcija vairak ietekme realo linijas kontiiru un slépj paSabsorbciju.

Lidzigi procesi tika noveéroti ar1 otra pétitaja ABL. a) att€la paradits As 189,0 nm spek-
trallinijas kontirs pie 15,1 W generatora jaudas pirms un p&c aparatiiras funkcijas nonemsanas.

ArT ai I1nijai redzams, ka aparatiiras funkcija maské paSabsorbcijas iekritienu.
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3.9. att. As 189,0 nm spektrallinijas kontiirs un ta izmainas: a) eksperimentali registrétais kontiirs un kontiirs
péc aparatiiras funkcijas nonemsanas, b) kontiira izmainas atkariba no generatora jaudas 11,0 Iidz 17,7 W
diapazona, eksperimentalie dati [P2] Piezime: uzskatamibai eksperimentali iegiitie punkti savienoti ar Iiniju.

b) attéla salidzinati As 189,0 nm spektrallinijas kontiiri pie generatora jaudam no
11,0 W Iidz 17,7 W pirms aparattras funkcijas nonemsanas. Spektrallinijas intensitate pieaug
pie jaudas vértibam Iidz 13,8 W, pie 15,1 W intensitate ir v€l augstaka, bet jau redzams paSab-

sorbcijas iekritiens, kas pie 16,5W un 17,7 W klist izteiktaks.
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Salidzinot spektralliniju intensitates .9 b) attéla un attéla, var secinat, ka visdrizak
attéla redzamo spektralliniju intensitates kriSanos pie lielakam jaudas vértibam var skaidrot

ar pasabsorbcijas klatbiitni.
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3.10. att. As rezonanses spektralliniju 189,0 nm, 193,7 nm un 197,3 nm intensitates izmaina atkariba no
ierosmes generatora jaudas [[P2]. Piezime: uzskatamibai eksperimentali iegiitic punkti savienoti ar Iiniju

Visam trim ars€na rezonanses linijam tika kvantitativi novertéta pasabsorbcija ar koefi-

cienta I,,,,/Iy palidzibu. Koeficienta vértibas pie se$am generatora jaudas vértibam apkopotas
tabula.
3.3. tabula.

Pasabsorbcijas koeficients As 189,0 nm, 193,8 nm un 197,3 nm spektrallinijam péc aparatiiras funkcijas
nonemsanas un pie dazadam generatora jaudas vértibam (P2).

Imaa;/ID
Jauda, W 11,0 124 13,8 151 16,5 17,7
189,0nm 1,0 1,0 1,0 1,2 54 31,0
193,8nm 1,0 1,0 1,0 1,5 7,2 38,6
1973nm 1,0 1,0 1,0 L1 28 89

Vismazaka paSabsorbcija novérojama 197,3 nm spektrallinijai, kas arT bija sagaidams, jo
$ai linijai ir mazaka parejas varbitiba no apskatitajam As rezonanses Iinijam (B.1] tabula).

Nemot vera parejas varbiitibu veértibas, 189,0 nm spektrallinijai biitu jabut visvairak pas-
absorbgtai, tomér $aja p&tijuma tas netika apstiprinats. Ta ka 189,0 nm spektrallinijas intensitati
visvairak ietekmé gaisa esosa skabekla absorbcijas sp€ja, iespg&jams, intensitates zudums ietek-
méja arT novérojamo pasabsorbciju. Darbam ar vilpu garumiem, kas 1saki par 190 nm, butu
noderigi starojuma spektru registraciju veikt art bezskabekla vide.

Ta ka, palielinot jaudu, tiek sagaidits spektralliniju intensitates pieaugums, savukart, pie
lielakam jaudam novérojama paSabsorbcija, var secinat, ka $1s lampas optimala darbinaSanas

jauda péc Siem parametriem ir aptuveni 14 W.
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3.4. Starojuma stabilitate

Starojuma stabilitate ir viens no galvenajiem parametriem, kas raksturo gaismas avotu
piemérotibu izmantosanai AAS. Lampu stabilitati raksturo vairaki parametri — starojuma stabi-
liz€8anas péc ieslégSanas, stabilitate merijumu laika (istermina stabilitate — dazas miniites, dazas

stundas), ilgtermina stabilitate (lampas dziveslaiks), nestabils darbibas rezims (paSmodulacija).

Starojuma stabilitate merijumu laika

Ta ka AAS tiek merita starojuma absorbcija, ja mérfjuma veikSanas laika spektromet-
ra gaismas avota starojuma intensitate nav vienmériga, iegiitais rezultats var bat klidains. S
iemesla d&] nepieciesams parliecinaties, ka izveletaja darbibas rezZima lampas starojums laika
ievérojami nemainas.

Ievietojot analizatora gaismas avotu un to ieslédzot, nepiecieSams pagaidit, kamer gaismas
avots uzsilst un starojums stabilizgjas.

Lampas starojuma stabilitates raksturoSanai ilgaka laika perioda, kas salidzinams ar lam-
pas darbibu mérjjumu laika AAS, tika uznemts stabilitates grafiks As rezonanses linijam, izman-
tojot Jobin Yvon spektrometru. Kopgjais spektra registréSanas laiks bija viena stunda, spektrs
tika registréts ik péc 15 s.

legttie rezultati 189,0 nm, 193,8 nm un 197,3 nm spektralliniju integralo intensitasu iz-

mainai stundas laika att€loti attela.
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3.11. att. As 189,0 nm, 193,8 nm un 197,3 nm spektralliniju stabilitate 1h laika [, @].

P&c ieslégsanas lampa apméram 15 miniites iesilst. Saja laika starojuma intensitate strauji
pieaug un tad sak piesatinaties.
Kad starojums nostabilizgjies, 189,0 nm spektrallinijas integrala intensitate svarstijas ap

vidgjo vertibu 148 relativas vienibas robezas no 145 lidz 151 relativajai vienibai ar standartno-
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virzi 1 relativa vieniba. 193,8 nm spektrallinijas integrala intensitate svarstijas ap vidéjo vertibu
491 relativa vieniba robezas no 483 1idz 496 relativajam vienibam ar standartnovirzi 2 relativas
vienibas. 197,3 nm spektrallinijas integrala intensitate svarstijas ap vidéjo vertibu 684 relativas
vienibas robezas no 677 1idz 690 relativajam vienibam ar standartnovirzi 2 relativas vienibas.

Procentuali stabilitates fluktuacijas attiecigi bija 0,7% 189,0 nm spektrallinijai, 0,4%
193,8 nm spektrallinijai un 0,3% 197,3 nm spektrallinijai. Literatiira min&ts, ka stabiliem gais-
mas avotiem starojuma fluktuacijas neparsniedz 2% [|13]]. Darba apskatita lampa So vertibu
neparsniedz un pie konkréta ierosmes generatora sprieguma uzskatama par stabilu.

Lai varétu salidzinat gan As, gan Ar spektralliniju izmainas laika, tas nepiecieSams uznemt
vienlaicigi. Spektra diapazonam no 180 nm — 850 nm $adu iesp&ju nodroSina Avantes spektro-
metrs (skat. nodalu). Avantes spektrometra ierobezotas jutibas spektra apgabala pie vilnu
garumiem, kas 1saki par 200 nm, d&] 189,0 nm, 193,8 nm un 197,3 nm spektrallinijam bija loti
zema intensitate, tad€] lampa notiekoso procesu att€losanai tika izveletas citas As spektrallinijas
— 245,77 nm un 278,0 nm.

245,77 nm un 278,0 nm As spektralliniju un 763,5 nm un 811,5 nm Ar spektralliniju sta-
bilizacija 20 min laika p&c ierosmes generatora sprieguma iestatiSanas pie ierosmes generatora
spriegumiem 23 V, 25V, 27 V un 29 V paradita attela [K18]. Saja nodala lampu staroju-
ma izmainas aprakstitas atkariba no ierosmes generatora sprieguma nevis jaudas. Spriegums ka

raksturlielums izvelets, jo lampam pievadita jauda tiek kontroléta ar sprieguma palidzibu.
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3.12. att. As 245,77 nm, As 278,0 nm, Ar 763,5S nm un Ar 811,5 nm spektralliniju intensitates izmainas 20 min
laika péc ierosmes generatora sprieguma vértibu 23 V, 25V, 27 V un 29 V iestatiSanas. Spektri uznemti
lampai, kas darbojas stabili [K18§].

Uzreiz p&c generatora sprieguma iestatiS$anas novérojama strauja intensitates izmaina, pec

tam notiek starojuma stabiliz€Sanas laika. Sakotngja stabilizacija jeb gaismas avota iesilSana
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notiek apméram 5 — 15 miniites, péc kuram tas ir gatavs darbam. Izlades sakuma lampa ir tikai
bufergazes atomi, tadel intensivakas ir argona spektrallinijas, bet, lampai iesilstot, pieaug As
tvaiku spiediens, un attiecigi As izlades intensitate. Palielinot ierosmes generatora spriegumu,
sakas argona izlades samazinasanas — As spektralliniju intensitate pieaug, bet Ar spektralliniju
intensitate kritas [K1§].

attela paradits piemérs As ABL, kura, mainot generatora spriegumu, pariet pasmo-
dulacijas rezZima. Pie 23 V sprieguma lampa darbojas stabila rezima. Palielinot spriegumu lidz
25 V un 27 V, lampa pariet F—izlade, kad novérojams zemas intensitates starojums. Pie 29 V
sprieguma lampa sak darboties paimodulacijas rezima. Sada lampa nav piemérota izmantoga-
nai AAS pie augstam sprieguma veértibam, jo pie 25 V un 27 V sprieguma As spektrallinijam ir
nepietiekami augsta intensitate, savukart pie 29 V sprieguma lampas starojums ir laika mainigs.
Bet to var izmantot pie 23 V un zemakiem spriegumiem.

Sikak pasmodulacija apskatita nodala.
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3.13. att. As 245,77 nm, As 278,0 nm, Ar 763,5S nm un Ar 811,5 nm spektralliniju intensitates izmainas 20 min
laika péc ierosmes generatora sprieguma vértibu 23 V, 25V, 27 V un 29 V iestatiSanas. Spektri uznemti
lampai, kam mainas izlades reZims un sikas paSmodulacija [K1§].

3.5. PaSmodulacija
As ABL stabilitate tika vértéta pie dazadam sprieguma vertibam ierosmes generatora sprie-
gumu diapazona no 20 — 29 V. Dala no darba apskatitajam As saturo$ajam ABL kada bridi
pargaja pasmodulacijas rezima. Pasmodulacijas spektru registracijai tika izmantots Jobin Yvon

spektrometrs.

3.5.1. Pasmodulacija atkariba no lampas veida

Lampas ar geteru apskatitaja spriegumu diapazona darbojas stabili. Tas lauj secinat, ka

getera klatbutne palidz stabilizét lampas darbibu. Lampas bez getera bija sadalamas divas gru-



3. AS SATUROSU ABL SPEKTRALIE MERTJUMI 56

pas: 1) dala lampu darbojas stabili 1idz 27 — 28 V spriegumam; 2) dalai lampu paSmodulacija
sakas jau pie 23 — 25 V sprieguma.

Atomu absorbcijas mérijumiem gaismas avotu, kas darbojas paSmodulacijas rezima, nevar
izmantot mainigas gaismas intensitates del. STiemesla dé] elementiem, kurus saturo§as lampas
Sis efekts noverojams (tai skaita ars€nam), lai izveél€tos optimalu lampas darbibas rezimu, a) ja-
nem véra jaudas regions, kura lampa darbojas stabili; b) jaievies$ izmainas lampas izgatavoSanas
tehnologija.

Tomér, lai gan pasmodulacijai nav tiesa pielietojuma atomu absorbcijas spektroskopija, ar
tas palidzibu iesp&jams pétit zemtemperatiiras plazma notiekoSos procesus un atomu, jonu un
molekulu savstarpgjo mijiedarbibu.

Ta ka pasmodulacijas procesa laika spriegums paliek nemainigs, bet mainas strava, mai-
nas arf jauda. ST iemesla d&l pa§modulacijas procesu norises aprakstam izmantotas ierosmes

generatora sprieguma nevis jaudas vértibas.

3.5.2. PasSmodulacija As un Ar linijam

Ir zinams, ka ierosmes un izlades procesi darba elementa un bufergazes tvaikos ir sav-
starpéji saistiti. Ta ka sakotngji lampa ir pieejami bufergazes atomi, tad izlade vispirms sakas
bufergazes tvaikos, bet, lampai uzsilstot un metalam lampa iztvaikojot, aktivak notiek darba
elementa atomu ierosme [39]. So pakapenisko izlades mainu var novérot ar pamodulacijas
laika.

As 278,0 nm un Ar 763,5 nm spektralliniju intensitasu izmaina paSmodulacijas laika pie
29 V sprieguma lampa bez getera paradita atteéla. Redzams, ka katra cikla vispirms sakas
izlade argona, kam seko pakapeniska izlades saksanas As tvaikos un vienlaikus Ar emisijas spek-
tralliniju intensitates samazinasanas. Tad lampa parkarst, un intensitates strauji kritas. Lidzigs
salidzinajums ar Cetram spektrallinijam (As 278,0 nm, As 245,7, Ar 763,5 nm, Ar 811,5 nm) pie
ierosmes generatora sprieguma 29 V, redzams 3. pielikuma attéla. 3. pielikuma a),
b) un c) att€los paraditas As 278,0 nm un Ar 763,5 nm liniju profilu izmainas paSmodulacijas

laika 3 dimensijas.
3.5.3. PaSmodulacijas norise pie daZadam sprieguma vertibam

Lampu grupai bez getera, kuras pasmodulacijas rezims sakas pie sprieguma veértibam 23 —

26V, tika pétita ierosmes generatora sprieguma ietekme uz paSmodulacijas reZimu.
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3.14. att. PaSmodulacijas reZims As 278,0 nm un Ar 763,5 nm spektrallinijam As lampa bez getera. Ierosmes

generatora spriegums ir 29 V. [K2]
a) un b) attelos redzama pasmodulacija trim As rezonanses spektrallinijam vienai
un tai pasai As lampai pie diviem dazadiem ierosmes generatora spriegumiem — attiecigi 24 V
un 28 V. No grafikiem redzams, ka As tvaiku veidoSanas pie 28 V sprieguma veértibas lampa
notiek straujak, jo As spektrallinijas intensitate pieaug atrak neka 24 V sprieguma gadijuma.
Ta ka atrak tiek sasniegta atomu un molekulu tvaiku koncentracija, pie kuras vairs nenotiek
pietiekama starojuma ierosinasana, ari intensitates kriSanas notiek drizak.

S1iemesla d€l novérojams, ka, paaugstinot spriegumu, pasmodulacijas periods saisinas.
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3.15. att. PaSmodulacijas piemeérs As 189,0 nm, 193,8 nm un 197,3 nm spektrallinijam pie a) 24 V ierosmes
generatora sprieguma, b) 28 V ierosmes generatora sprieguma [K3].

Papildus novérojams, ka maksimala intensitate, ko sasniedz spektrallinijas, paSmodulaci-

jas laika arT nedaudz pieaug. As 189,0 nm, 193,8 nm un 197,3 nm spektralliniju maksimalas

integralas intensitates pie ierosmes generatora sprieguma vertibam no 24 V 1idz 29 V paraditas

attéla. Redzams, ka intensitates, palielinot spriegumu, pieaug lineari.

Tas parada, ka, palielinot ierosmes generatora spriegumu, var sasniegt augstakas spektral-
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3.16. att. As 189,0 nm, 193,8 nm un 197,3 nm spektralliniju maksimalas integralas intensitates paSmodulaci-
jas reZima laika atkariba no ierosmes generatora sprieguma.

Iiniju maksimalas intensitates vertibas. Salidzinot intensitates izmainas stabila darbibas rezima
(B.3] attela) un pasmodulacijas laika (B.16] attgla), var redzgt, ka stabilaja rezima spektrallini-
ju intensitates picaugums ir daudz straujaks neka tas ir paSmodulacijas laika. To var skaidrot
ar paSmodulacijas procesa norisi — spektralliniju intensitate nepaspgj sasniegt savu maksimali

iespgjamo vertibu, kad jau notiek parkarSana un pareja minimuma fazg.

3.5.4. PaSmodulacijas perioda noteikSana

Perioda aprékinam pasmodulacijas svarstibas tika registrétas pie ierosmes generatora sprie-
gumiem no 24 V lidz 29 V. Pie katras no $Im generatora sprieguma veértibam paSmodulacijas
process tika uznemts 2 — 3 miniites, kuru laika atkartojas 3 — 7 pasmodulacijas cikli. Sadi méri-
jumu cikli tika atkartoti piecas reizes. Meérjumi tika atkartoti vienados apstaklos un starp tiem
lampa tika izslégta un atdzeséta, lai noverstu temperattiras ietekmi.

P&c tam, izmantojot izteiksmi, tika izrékinati paSmodulacijas periodi katra merijumu
cikla un aprekinatas periodu vidgjas vertibas attiecigi pie katras sprieguma vertibas.

Iegiitas perioda vidgjas vértibas atkariba no generatora sprieguma paraditas attela.

Palielinot generatora spriegumu, paSmodulacijas periods saisinas, jo procesi lampa norit
straujak. Pie 24 V sprieguma vidgjais paSmodulacijas periods bija 56 s un talak tas eksponenciali
saisinajas. Pie 29 V sprieguma ABL vidgjais pasmodulacijas periods bija 21 s. Starp mérijjumu
cikliem vislielaka atskiriba bija pie 24 V sprieguma — relativa kliida bija apméram 17 %. So

atSkiribu varétu skaidrot ar to, ka 23 — 24 V spriegums apskatitaja lampa ir parejas posms starp
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3.17. att. PaSmodulacijas perioda izmaina atkariba no ierosmes generatora sprieguma. legiitie punkti ap-
roksiméti ar eksponentes vienadojumu 1,1 - 10%(—*/14) 4 208, [K2|]

stabilu darbibas reZimu un paSmodulaciju. Ta ka paSmodulacija ir saistita ar tadiem fizikaliem
lielumiem, ka plazmas temperatiira un lampas tilpuma esoS$o jonu, atomu un molekulu koncen-
tracija, ka arT So dalinu savstarpgjo mijiedarbibu, pastav varbiitiba, ka uzsakot katru atsevisko
mérfjjumu ciklu, lampa bija nedaudz citi ,,sakuma nosacijumi”, kas noteica paSmodulacijas vei-
dosSanos.

Spriegumiem no 25 V [idz 29 V mérijumi uzrada labu atkartojamibu. Pie 25 V sprieguma
relativa kliida bija 5 %. Pie paréjam sprieguma vértibam relativa klida bija apméram 10 %. Sis
kludas veidoSanos ietekméja sprieguma iestadiSanas precizitate 4= 0,1 V, un attiecigi iesp&jamas
stravas izmainas par + 0,01 A, kas ietekmgja rezultajoSo jaudu, pie kadas lampa katru reizi

darbojas.

3.5.5. Linijas kontiira izmainas paSmodulacijas laika

Lai pétitu, ka paSmodulacijas reZima laika mainas spektrallinijas, tika pétitas to kontiiru
izmainas vairaku paSmodulacijas periodu garuma.

Darba elementa spektralliniju aprakstam tika izvéléta As 235,0 nm spektrallinija, jo ta ir
intensiva un nav rezonanses spektrallinija, tad€jadi ir mazaka varbitiba, ka ta var&tu biit pasab-
sorbéta.

Bufergazes spektralliniju aprakstam izveleta Ar 763,5 nm spektrallinija, jo ta ir intensiva
un darba jau ieprieks tikusi apskatita.

Gausa pusplatumu aprékini tika veikti, izmantojot programmas OriginPro 2019b funkciju

FitPeak, fit€Sanu izdarot ar Gaussian funkciju.
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As 235,0 nm spektrallinijas integralas intensitates salidzinajums ar tas Gausa pusplatumu
pasmodulacijas procesam 1,5 mintsu laika pie attiecigi 25 V, 27 V un 29 V ierosmes generatora
sprieguma paraditi a), b) un c) attelos.

Salidzinot spektrallinijas intensitates izmainas cikla laika ar Gausa pusplatuma izmainam
attiecigaja laika, redzams, ka spektrallinijas intensitates picauguma laika Gausa pusplatums ne-
mainas, bet uzreiz péc intensitates krianas, tas izmainas. Sis izmainas kopuma parada, ka vis-
pirms pusplatums samazinas, tad palielinas un p&c tam atgrieZas pie vid€jas veértibas.

Salidzinot procesu norisi pie 25 V, 27 V un 29 V ierosmes generatora sprieguma, redzams,
ka pie 29 V sprieguma pusplatuma pieaugums un tam sekojos$a samazinaSanas ir novérojama vis-
labak. Papildus tam, redzams, ka pusplatuma vid&ja vertiba, palielinot spriegumu, pieaug — pie
25 V tair apméram 0,115 nm, bet pie 29 V apméram 0,0125 nm. Spektralliniju paplasinaSanas
janem vera, izveloties optimalo darbibas reZimu AAS.

Lidzigs salidzinajums iegiits ari Ar 763,5 nm spektrallinijai. a), b) un c) att€los
paradits tas intensitates izmainu salidzinajums ar Gausa pusplatuma izmainam pasmodulacijas

procesa 3 miniiSu laika pie ierosmes generatora spriegumiem 25V, 27 Vun 29 V.

Argona gadijuma redzams, ka spektrallinijas pusplatums pulsa maksimalaja faz€ nemai-

nas, bet argona intensitatei strauji samazinoties, samazinas ar1 spektrallinijas pusplatums.

Salidzinot procesu norisi pie 25 V, 27 V un 29 V ierosmes generatora spriegumiem, re-
dzams, ka atskiriba no arséna, argona gadijuma spektrallinijas vidgjais pusplatums atkariba no
sprieguma mainas loti maz — no 0,0173 nm Iidz 0,0174 nm jeb par aptuveni 0,5 %. Ar1 puspla-
tuma izmainas vienlidz labi novérojamas pie visam sprieguma vertibam.

Izmantojot Doplera paplaSinajumu, spektralliniju Gausa pusplatumus saista ar tempera-
tiras noteikianu. Saja gadijuma temperatiiras noteik3ana no Gausa pusplatuma ne arséna, ne
argona gadijuma nebija iesp&jama, jo uznemtajam spektrallinijam nebija pietickami laba iz-
Skirtsp&ja. Tomer pusplatuma izmainas var saistit ar temperatiiras izmainam lampa. Noverotas
pusplatumu izmainas — samazinajums un tam sekojoss pieaugums — sakrit ar teorija apskatitajam
paredzamajam temperatiiras izmainam pasmodulacijas procesa laika.

Temperatiiras saistiba ar pasmodulacijas procesu Bilz saturosas augstfrekvences bezelek-
trodu lampas aprakstita [67] darba. a) attela paradita intensitates izmaina pie 27 V ieros-
mes generatora sprieguma trim spektrallinijam — Bil svarstibu joslas, kas atrodas 427 nm rajona,
galvenajai Iinijai (head band), Bil 430,9 nm spektrallinijai un Ar 420,0 nm spektrallinijai 200

sekunzu laika perioda. Savukart b) attéla paradita elektronu temperatiiras izmaina lampa
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3.18. att. As 235,0 nm spektrallinijas intengralas intensitates un Gausa pusplatuma salidzinajums paSmodu-
lacijas laika pie trim ierosmes generatora sprieguma vértibam —25V,27V un 29 V.
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(b) Ar 763,5 nm intensitates un pusplatuma salidzinajums pie 27
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(c) Ar 763,5 nm intensitates un pusplatuma salidzinajums pie 29
V ierosmes generatora sprieguma

Laiks, min

3.19. att. Ar 763,5 nm spektrallinijas intengrétas intensitates un Gausa pusplatuma salidzinajums paSmodu-
lacijas laika pie trim ierosmes generatora sprieguma vértibam —25V,27Vun 29 V.
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attiecigaja laika perioda. Elektronu temperatiira mainas no apméram 0,4 eV (apm&ram 4600 K)

maksimuma fazg [idz apméram 0,65 eV (apméram 7500 K) minimuma faze [67].
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3.20. att. Bil; ABL pa$modulacijas reZima, generatora spriegums 27 V: a) Bil svarstibu joslas pie 427 nm
galvenas linijas, Bil 430,9 nm un Ar 420,0 nm spektralliniju intensitates izmainas 200 s laika; b) elektronu
temperatiira 200 s laika (atteli no [67])

Darba [64] apskatita rotacijas temperatiiras izmaina pasmodulacijas laika tallija ABL.
Temperatiiras noteikSanai izmantotas molekulas — OH radikalis un C, molekula. Rezultati pa-
rada, ka ar1 rotacijas temperatiira periodiski mainas. No OH radikala noteikta temperatiiras
izmaina pasmodulacijas laika bija apméram 250 K [64].

Sie pétijumi apstiprina pa§modulacijas procesa norises saistibu ar temperatiiru. Lai no-

teiktu temperatiiras izmainu As lampu pasmodulacija, nepiecieSami papildus merjjumi.

3.6. Temperaturas noteikSana, izmantojot OH radikala rotacijas spektra
intensitasu sadalijjumu

Vairakas As ABL bija iesp&jams noveérot OH radikala rotacijas spektralo joslu 306 nm
rajona A>YXt — X?II parejai, kuru iespgjams izmantot rotacijas temperatiiras noteik3anai [P 11]].
OH rotacijas molekulu spektru registracijai tika izmantots Jobin Yvon spektrometrs.

Divas no As ABL OH rotacijas molekulas spektrallinijas bija derigas temperatiiras noteik-
Sanai (spektrallinijas bija pietickami intensivas, un nebija parklajusas ar citu molekulu spektra-
lajam joslam).

Spektra piemers no arséna L3 lampas ar atzimétam Q zara spektrallinijam, kas derigas

aprékinu veikSanai, redzams 3.21/ attela.
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3.21. att. OH radikala rotacijas josla (A?X+ — X211 pareja) pie 306,4nm, kas novérota arséna ABL L3, pie

19,6 W jaudas ar atzimétam seSam Q; zara spektrallinijam, kas potenciili izmantojamas rotacijas tempe-
ratiiras aprékinasanai.

Lai noteiktu plazmas temperatiiru, vispirms no registrétajiem spektriem tika iegtitas at-
tela spektra atzimeéto OH radikala rotacijas spektra Q; zara spektralliniju intensitates.

Tad, izmantojot izteiksmi un tabula dotas vertibas, tika aprékinatas un att€lotas
Bolcmana puslogaritmisko grafiku punktu vertibas temperattiras noteikSanai pie 8 dazadam jau-
das vértibam attiecigi L3 lampai 14 — 21 W (8.22] a) attéla) un L14 lampai 13 — 20 W (3.22] b)
attela) robezas. No grafikiem (B.22] attéla) redzams, ka As ABL apdzivotibu sadalijums pa
rotacijas Iimeniem Bolcmana sadalijumam lielakaja dala gadijumu paklaujas tikai J=4, J=5 un
J=6 lIimenos (pirmie tris punkti katra jaudas grupa). Tadel temperatiiras aprékinasanai vera tika
nemtas tikai Q1(4), Q1(5) un Q,(6) Iiniju intensitates.

Attiecigi caur Q;(4) — Q1(6) spektrallinijam atbilstoSajiem aprékinatajiem reducéto inten-
sitasu logaritmu vertibu punktiem tika izvilktas aproksimacijas taisnes un noteikti to virziena
koeficienti. Ta ka, atbilstosi vienadojumam , virziena koeficients ir vienads ar %ft%, tad
no §1s vienadibas var izteikt un izrékinat temperattru.

legiitas temperatiiras vertibas atkariba no ierosmes generatora jaudas paraditas at-
tela. Temperatiru kltidas noveértgjumam tika izmantotas noteikto taisnes virziena koeficientu
standartnovirzes, ar kuru palidzibu tika aprékinatas temperatiiru klidas.

Redzams, ka temperatiira abas lampas pieaug, palielinot generatora jaudu.

L3 lampa temperatiira pieaug no 950 K pie 14,0 W Iidz 1250 K pie 21,0 W. Temperatiiras

noteikSanas kliidas Sai lampai neparsniedz 8 % un lielakas ir pie 14,0 W un 17,3 W jaudam.
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3.22. att. OH (A-X (0-0)) Q; zara liniju Bolcmana puslogaritmiskie grafiki a) arséna ABL nr. L3 b) arséna
ABL nr. L14 pie dazadam ierosmes generatora jaudam.

L14 lampa temperattra pieaug no 950 K pie 13,0 W 1idz 1100 K pie 19,7 W. Temperatiiras
noteikSanas kliidas Sai lampai ir 10 % un mazak, iznemot pie 13,1 W, kur ta ir 18% un pie
19,7 W, kad kluda ir 11 %. Lielo klidu pie zemam jaudam varetu skaidrot ar spektralliniju
zemo intensitati.
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3.23. att. No OH radikala rotacijas joslas (A2X+ — X?2II pareja) Q-zara spektrallinijam noteikta rotacijas

temperatiira divas As saturo$as ABL (L3 un L14).

ST temperatiira sakrit ar to, kas 1idzigos apstaklos novérota citu elementu augstfrekvences
bezelektrodu lampas. Pieméram, argona—iidenraza ABL ta pieauga no 650 lidz 1100K [P11]],
tallija ABL — no 820 lidz 1060 K [64], dzivsudraba ABL temperatiira noteikta 600 — 1700 K
robezas [60], bismuta jodida ABL apm&ram 900 — 1000 K [K16] .



4. Dzivsudrabu saturosu augstfrekvences bezelektrodu
lampu spektralie meérijumi

Darba ietvaros tika apskatitas dzivsudrabu saturoSas sferiskas un kapilaras augstfrekven-
ces bezelektrodu lampas, un rezultati attiecigi iedaliti atkariba no apskatitas lampas formas.
Lampu apraksts atrodams nodala. Spektralliniju intensitates un stabilitates merfjjumiem
izmantots Jobin Yvon spektrometrs (2.2.2] nodala). Spektralliniju profili registréti ar Furjé spek-
trometru (2.2.3] nodala). Galvenokart uzmaniba tika pievérsta dzivsudraba rezonanses spektral-

Iinijai 253,7 nm, kuras raksturlielumi paraditi tabula.
4.1. tabula.
Darba izmantotas dzivsudraba spektrallinijas vilna garums, limeni un parejas varbiitiba [105].

Vilna garums Apaksg€jais Iimenis Augs€jais Itmenis  Parejas varbitiba
A, nm Ajg, 100 57!
253,7 5dV6s% [1Sy] 5d96s6p [* PY] 8,4

4.1. Hg kapilara augstfrekvences bezelektrodu lampa
4.1.1. Kapilara virziena ietekme uz lampas starojumu

Dzivsudraba kapilara ABL gadijuma zinamu ietekmi uz starojuma spektru rada kapilara
novietojums attieciba pret rezervuaru [K3, K7]. Lidz §im galvenokart pétitas Hg spektra redza-
mas dalas spektrallinijas [[118].

Hg kapilara lampu iesp&jams novietot tris dazadas pozicijas — ar kapilaru horizontali (4.1] a)

attela), ar kapilaru vertikali un rezervuaru leja (#.1] b) attgla), ar kapilaru vertikali un rezervuaru

augsa (B.1] ¢) attela).
a) b) c)

4.1. att. Kapilara novietojums attieciba pret sferisko rezervuaru: a) horizontali, b) vertikali ar rezervuaru
leja, c) vertikali ar rezervuaru augsa.

Hg 253,7 nm spektrallinijas profili atkariba no kapilara novietojuma virziena paraditi
att€la. Kapacitativas ierosmes generators ir papildinats ar magnétu, tadé] iesp&jams noveérot

spektrallinijas Z&€mana sikstruktiiras SkelSanos magnétiska lauka ietekmg.

66
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Redzams, ka vislielaka starojuma intensitate sasniedzama, kad lampas kapilars novietots
horizontali. Starojums no vertikali novietota kapilara ir vairakas reizes mazaks, turklat, liela-
ka intensitate novérojama, ja lampas rezervuars atrodas augsa, bet, ja rezervuars atrodas leja,

starojuma intensitate ir viszemaka.
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4.2. art. Hg 253,7 nm spektrallinijas magnétiskaja lauka relativa intensitate un profils atkariba no kapilara
novietojuma virziena. Redzama Zémana sikstruktiiras Skel§anas magnétiskaja lauka [K3].

4.1.2. Starojuma stabilitate

Lai novertetu kapilara ABL stabilitati laika, tika uznemtas 253,7 nm spektrallinijas inten-
sitates izmainas pusstundas laika, kapilaru novietojot ikviena no trim pozicijam — ar kapilaru
horizontali, un vertikali ar rezervuaru augsa un leja. Tadgjadi iesp&jams vienlaikus analizet
gan starojuma stabilitati, gan kapilara ietekmi uz starojumu. Iegutie spektrallinijas stabilitates
grafiki paraditi attela.

Tapat ka ieprieks vislielaka starojuma intensitate noveérojama, kad kapilars novietots ho-
rizontali. Saja gadijuma starojuma intensitate svarstijas ap vidgjo vértibu 259 relativas vienibas
robezas no 242 Iidz 269 relativajam vienibam ar standartnovirzi 5 relativas vienibas.

Savukart, vertikali novietotam kapilaram ta ir vairakas reizes mazaka. Kad rezevuars no-
vietots uz augsu starojuma intensitate bija apméram 2,5 reizes mazaka neka horizontali novietota
kapilara gadijuma, un svarstfjas ap vidgjo vertibu 96 relativas vienibas robezas no 89 lidz 104
relativajam vienibam ar standartnovirzi 3 relativas vienibas. Rezervuaram atrodoties leja sta-
rojuma intensitate bija apméram 24 reizes mazaka neka, kad kapilars novietots horizontali, un
svarstijas ap videjo vertibu 11,2 relativas vienibas robezas no 10,8 [idz 11,7 relativajam vienibam

ar standartnovirzi 0,2 relativas vienibas.
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4.3. art. Hg kapilara lampas 253,7 nm spektrallinijas intensitates izmainas 30 min laika. Merijumi veikti,
novietojot kapilaru tris pozicijas — horizontali, un vertikali ar rezervuaru attiecigi augsa vai leja.
Starojums ir stabils visos novietojuma virzienos. Intensitates fluktuacijas horizontali no-
vietota kapilara gadijuma bija 2,1%. Ja lampas rezervuars atradas augsa, starojuma fluktuacijas
sasniedza 3,1%, bet, ja rezervuars bija leja — 1,8%. Saskana ar darba []13] minéto, stabila sta-
rojuma gadijuma fluktuacijas ir 11dz 2%, un Hg kapilara lampa sasniedz So mérki, ja kapilars
novietots horizontali vai vertikali ar rezervuaru uz leju. Kad rezervuars novietots augsa, staro-
Var secinat, ka piemérotakais Hg kapilaras lampas novietojuma virziens ir horizontali,
jo Saja gadijuma starojums ir visintensivakais, bet visnepiemérotakais virziens ir ar kapilaru
vertikali un sferisko rezervuaru leja, jo $aja gadijuma signala—troksna attieciba, kas ir svarigs

lielums AAS jutibas nodroSinasana, ir vismazaka.

4.2. Hg sferiska augstfrekvences bezelektrodu lampa
4.2.1. Starojuma stabilitate

Izmantojot Jobin Yvon spektrometru, dzivsudraba sferiskajai ABL tika uznemts 253,7 nm
rezonanses spektrallinijas intensitates izmainas grafiks laika perioda 1 h 20 min.

Integrejot spektrallinijas intensitati pa tas konttiru, bija redzams, ka integralas intensitates
vértiba laika, kad lampa péc ieslégsanas ir iesilusi, ir stabila (4.4] a) attela).

Pateicoties pietickami augstai spektrometra izskirtsp&jai, var€ja noverot, ka linijas profils
laika nedaudz mainas — linijas maksimala intensitate samazinas, bet platums palielinas. Maksi-

malas intensitates izmaina redzama b) attela, savukart spektrallinijas pusplatuma veértibu iz-
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maina laika paradita c) attela. Salidzinot abus grafikus, redzams, ka maksimalas intensitates
un pusplatuma maina ir savstarpg&ji saistita — pusplatumam palielinoties, novérojama maksima-
las intensitates samazinasanas. Sis efekts saistams ar temperatiiras izmainam lampa, jo lampai

gan tiek izmantota termoizolacija, bet ta netiek termostatéta.
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4.4. att. Hg 253,7 nm spektrallinijas izmainas 1 h 20 min laika: a) integrétai intensitatei, b) linijas maksimuma
veértibai, ¢) spektrallinijas pusplatumam [K§]

Spektralinijas integrala intensitate stabilaja darbibas rezima svarstijas ap vidgjo vertibu
182 relativas vienibas, robezas no 177 lidz 185 relativajam vienibam ar standartnovirzi 2 vieni-

bas. Attiecigi tas fluktuacijas bija 1,1% robezas. Ari §1 lampa darbojas ar labu stabilitati.

4.2.2. Starojums E— un H-izlade

Hg 253,7 nm spektrallinija ir loti intensiva, un §1 iemesla dg] to ir iesp&jams pétit gan
E—izlade, gan H—-izlade.

Darba ietvaros tika apskatita Hg 253,7 nm spektrallinijas relativas intensitates izmaina no
2,2 1idz 9,0 W spriegumam, un registrétas spektrallinijas integralas intensitates paraditas a)
attela. Redzams, ka no jaudas vertibam 2,2 [idz 4,8 W, kas atbilst 9 — 14 V spriegumam, 253,7 nm
spektrallinijas intensitate pieaug gandriz lineari, kam seko straujs I&ciens.

Petijumu gaita tika noverots, ka $aja vieta pie aptuveni 15 V sprieguma noverojama pareja
no E—izlades uz H—izladi. S1iemesla d&l grafika redzams gan strauj§ intensitates pieaugums (uz
y ass), gan jaudas vertibas izmaina (uz x ass) no 4,8 W pie 14 V sprieguma uz 7,2 W pie 15V
sprieguma. Tas notiek tadel, ka, parejot uz H—izladi, 1€cienveidigi pieaug ar1 lampai pievaditas
stravas stipruma vértiba (#.5] b) attela), kas attiecigi izraisa jaudas pieaugumu.

Lecienam seko pakapeniska intensitates samazinaSanas pie 7,2 — 9,0 W jaudas, kas Seit
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4.5. att. a) Hg 253,7 nm spektrallinijas integralas intensitates izmainas atkariba no ierosmes generatora jau-
das 2,2 — 9,0 W robezas. Piezime: uzskatamibai eksperimentali iegiitie punkti savienoti ar liniju. b) Stravas
stipruma izmainas atkariba no ierosmes generatora sprieguma.

atbilst 15 — 17 V spriegumam.
Lidzigs noveérojums redzams att€la, kura paradita apskatita Hg 253,7 nm spektrallini-

jas intensitates izmaina atkariba no ierosmes generatora jaudas no 2,6 1idz 9,0 W.
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4.6. att. Dzivsudraba 253,7 nm spektrallinijas relativas intensitates atkariba no ierosmes generatora jaudas
2,6 W Iidz 9,0 W robezas. Redzama spektrallinijas saSkel$anas izotopiska sastava un supersikstruktiiras del.

Saja gadijuma Hg spektrallinijas registrésanai izmantots Furjé spektrometrs, kura augstas
iz8kirtsp&jas del iesp&jams noverot dzivsudraba spektrallinijas strukttru, kas lampa ar dabigo
dzivsudraba maistjumu veidojas izotopiskas SkelSanas del.

No 2,6 1idz 8,2 W Hg spektrallinijas intensitate pieaug un jaudas regiona no 5,3 [idz 8,2 W
(atbilst 15 — 16 V) notiek intensitates I€ciens — pareja no F—izlades H—izladeé. P&c tam no 8,2
11dz 9,0 W novérojama intensitates samazinasanas.

Novertgjot spektrallinijas formu, var secinat, ka jau pie 5,3 W jaudas redzama tas pa-
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Sabsorbcija — spektrallinijas komponensu centralajas dalas redzama intensitates samazinasanas.
H—izladg paSabsorbcija palielinas.

No ta var secinat, ka at3kiriba, pieméram, no As ABL, vai Zn ABL [P§], kuras darbinamas
H-izladg, lai sasniegtu optimalu spektralliniju intensitati, Hg ABL ieteicams darbinat F—izladg.
Lai Hg 253,7 nm spektrallinija nebiitu paSabsorbéta, ka optimala izvélama apméram 3,6 —4,2 W

jauda, kas atbilst 12 — 13 V spriegumam.



5. Augstfrekvences bezelektrodu lampu un dobja katoda
lampu salidzinajums

Darba ietvaros tika salidzinatas arsénu un dzivsudrabu saturosas augstfrekvences bezelek-
trodu lampas un dobja katoda lampas. Lai salidzinatu abu veidu lampu starojumu, spektrs tika
uznemts vienados apstaklos (lampas novietojums, apkartgjas vides apstakli, registréta starojuma
integracijas laiks) un katrai lampai atbilsto$aja optimala rezima rajona. Dobja katoda lampam

optimalais jaudas rajons noradits razotaja izsniegtajas lampu pases.

5.1. Arsénu saturoSu ABL un DKL salidzinajums

Arséna ABL spektrs tika registréts jaudas diapazona no 12,4 lidz 18,8 W, kas atbilst 21 —
27 V spriegumam (strava mainijas robezas no 0,59 — 0,70 A). Savukart, As DKL spektrs tika
registréts jaudas diapazona no 1,2 1idz 2,6 W, kas atbilst 5 — 9 mA stravai (spriegums mainijas
246 — 289 V robezas), razotaja noradita optimala stravas vertiba bija 7 mA, maksimali pielau-
jama — 10 mA.

As 189,0 nm, 193,8 nm un 197,3 nm spektralliniju integralas intensitates atkariba no jau-
das abam lampam paraditas a) attela. Izversts grafiks As rezonanses spektralliniju integra-
lajam intensitatém tiesi DKL paradits b) attéla.

Salidzinot visu tris As spektralliniju intensitates abas apskatitajas lampas, redzams, ka
augstfrekvences bezelektrodu lampa spektrallinijas ir daudz intensivakas.

Pienemot, ka ABL optimala darbinasanas jauda ir apméram 15 W, un, nemot véra, ka
DKL optimala darbinaSanas jauda ir apméram 2 W, As spektrallinijas ABL ir aptuveni 1000 —

1500 reizes intensivakas, atkariba no izvéletas spektrallinijas.

5.2. Dzivsudrabu saturoSu ABL un DKL salidzinajums

Dzivsudraba ABL spektrs tika registréts jaudas diapazona no 2,5 lidz 5,0 W, kas atbilst
10 — 13 V spriegumam (strava mainijas robezas no 0,25 — 0,32 A). Savukart, As DKL spektrs
tika registréts jaudas diapazona no 0,6 lidz 1,6 W, kas atbilst 3 — 7 mA stravai (spriegums mai-
nijas 194 — 233 V robezas), razotaja noradita optimala stravas vertiba bija 5 mA, maksimali

pielaujama — 8 mA.
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5.1. att. Arsénu saturoSu ABL un DKL salidzinajums: a) As 189,0 nm, 193,8 nm un 197,3 nm spektralliniju
integralas intensitates ABL un DKL; b) pietuvinata grafika dala, kas attélo As 189,0 nm, 193,8 nm un 197,3
nm spektralliniju integralas intensitates DKL [K9, K14].

Dzivsudraba spektralliniju intensitasu salidzinajumam tika izmantotas divas Hg spektralli-
nijas —rezonanses spektrallinija 253,7 nm un spektrallinija no redzamas spektra dalas — 546,1 nm.
Abu izveleto spektralliniju integralas intensitates atkariba no jaudas abam lampam paraditas
a) attéla. Izversts grafiks Hg spektralliniju integralajam intensitatém tie$i DKL paradits
b) attéla.

Salidzinot abu Hg spektralliniju intensitates abas apskatitajas lampas, redzams, ka augst-
frekvences bezelektrodu lampa spektrallinijas ir ievérojami intensivakas.

Dotas Hg ABL optimala darbinaSanas jauda ir apmé&ram 3,6 W, bet DKL optimala darbina-
Sanas jauda ir apméram 1,1 W. Salidzinot Hg spektralliniju intensitates pie optimalajam jaudas
vertibam, var secinat, ka Hg spektralliniju intensitate augstfrekvences bezelektrodu lampas ir
apméram 25 reizes lielaka neka dobja katoda lampas.

Papildus tam, janem véra, ka pie ierosmes generatora jaudas 3,6 W dzivsudraba ABL
darbojas E—izlades rezima, bet parejot H—izlade, Hg 253,7 nm spektrallinijas intensitate pieaug
vel apméram 7 — 10 reizes (skat. nodalu).

Dzivsudrabu saturosa dobja katoda lampa eksperimentu laika beidza darboties. Tas norada

uz lampas 1so dziveslaiku.
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5.2. att. Dzivsudrabu saturoSu ABL un DKL salidzinajums: a) Hg 253,7 nm un 546,1 nm spektralliniju
integralas intensitates ABL un DKL; b) pietuvinata grafika dala, kas attelo Hg 253,7 nm un 546,1 nm spek-
tralliniju integralas intensitates DKL [K14|.



6. Atomu absorbcijas spektroskopijas izmantoSana
dzivsudraba koncentracijas noteikSanai

ST nodala sniedz ieskatu praktiska atomu absorbcijas spektrometra pielietojuma. Dziv-
sudraba koncentracijas mérjjumu veikSanai vides paraugos tika izmantots atomu absorbcijas
spektrometrs ar Zémana korekciju RA-915M (skat. nodalu).

Papildinot spektrometru ar paligierici PIRO-915+ (skat. nodalu), iesp&jams merit
cietus un 8kidrus paraugus, izmantojot pirolizes metodi [P1], P3|, P4, K1, K4, K6, K10, K11,
K13, K13].

Skidrumu mérisanai spektrometram var pievienot papildierici RP-92. Si papildierice pa-
redzéta Hg koncentracijas meérjjumiem Skidros paraugos (galvenokart tiden1) ar auksto tvaiku

metodi (skat. nodalu), kas atzita par loti precizu metodi Hg koncentracijas me&rijjumiem

Skidumos (P10, K13).

6.1. Dzivsudraba koncentracijas merijumi melno starku olu ¢aumalas

P&tijuma tika izmantotas olu ¢aumalas, kas sadarbiba ar ornitologu Dr. Biol. Mari Strazdu

ievaktas laika no 2003. 1idz 2022. gadam.

6.1.1. Hg koncentracija ¢aumalas un membranas

Visos analiz&tajos paraugos tika noteikta Hg koncentracija, kas bija vienada vai lielaka
par izmantotas metodes noteikSanas robezu. Dzivsudraba koncentracija dazados paraugos bi-
ja atSkiriga. lev€rojamas atSkiribas noveérojamas starp ¢aumalas dalam — membranu un pasu
caumalu.

Kopuma merijumi tika veikti vairak neka 350 melno starku ¢aumalu paraugos no 139 ligz-
dosanas vietam visa Latvija. Paraugu ievakSanas vietas paraditas karte attela.

Sakotngjos rezultatos neliela paraugu grupa (34 nedalitu ¢aumalu paraugi no 30 ligzdvie-
tam jeb izméritas 12 Caumalas, 17 membranas un 21 jaukts paraugs) Hg koncentracija caumalas
bija robezas no 6 — 22 ng/g, bet membranas — no 42 — 293 ng/g [P4]. Ta ka ne vienmér bija

iesp&jams membranas atdalit no Caumalam, tad $ajos gadijumos tika mériti jaukti paraugi, kuru
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6.1. att. Melno starku ¢aumalu un membranu paraugu ievakSanas vietas [119]. Ja viena ligzdvieta iegiti
vairaka veida paraugi, ka primarais parauga veids noradita ¢aumala.

paraugu rezultatu att€lojums atbilstosi ligzdvietam, pie kuram ¢aumalas savaktas, redzams karté

attela [P4].
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6.2. att. Analizéto paraugu izvietojums Latvijas teritorija, punktu izmers raksturo Hg koncentracijas lielumu
jauktos paraugos [P4].

Dalai paraugu Hg koncentracija tika mérita gan ¢aumalas, gan membranas. So paraugu pa-
ru Hg koncentracijas paraditas attela. Redzams, ka Hg koncentracija ¢aumalas ir ievérojami
mazaka neka membranas. Paraugos, kur Hg koncentracija membrana ir zemaka, koncentraciju
attieciba caumalam pret membranam ir aptuveni sesas reizes, savukart, lielaka atskiriba véroja-
ma paraugam, kura ir vislielaka Hg koncentracija membrana, tam Hg koncentraciju attieciba ir
1:13. Vidgji koncentracija membranas un ¢aumalas atSkiras 9 reizes.

Talakos mérijumos tika uzkrata lielaka datu kopa — izméritas 358 aumalas, 361 membra-
na un 179 jaukti paraugi. Izmérita Hg koncentracija ¢aumalas bija robezas no 3 — 52 ng/g, ar
vidgjo vertibu 16 ng/g. Membranas videja Hg koncentracija bija ievérojami augstaka —202 ng/g,

bet lielaka dala vertibu robeZas no 43 — 815 ng/g. Atseviskos membranu paraugos Hg koncen-
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6.3. att. Hg koncentraciju salidzinajums ¢aumalas un membranas [P4].
tracija parsniedza 1000 ng/g [P3]. Sis vertibas visdrizak skaidrojamas ar to, ka analiz&tajam
membranam klat bija olbaltuma atliekas, kura, ka rada pétijjumi [[112,113,[115] ir ievérojami

lielakas Hg vertibas. Mérjjumu rezultati un to izkliede paraditi attela.
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6.4. att. Videja Hg koncentricija olu ¢aumalu paraugos — ¢aumalas, membranas un jauktos paraugos [P1]].

Hg koncentracija tiek saistita ar vide esosa dzivsudraba pieejamibu putnu baroSanas areala,
un augstakas koncentracijas varétu noradit uz lokalu dzivsudraba avotu vai vides piesarnojumu.
Tomér janem véra, ka melnie starki baribas mekl&jumos var nolidot pat 40 km no ligzdvietas
[119].

Darba [[114] aprakstiti vl dazi faktori, kas var ietekm&t Hg koncentracijas atskiribu cau-
malas, un kas nav saistiti ar geografisko atrasanas vietu. Ta ir, pirmkart, paraugu sagatavoSanas
metodika, kas sevt ietver gan membranu atdaliSanu vai neatdaliSanu no ¢aumalam, gan metodes
¢aumalu tiriSanai. Otrkart, ta ir putnu sugas ietekme. Saja darba aprakstitos rezultatus abi ie
faktori ietekm&ja minimali, jo paraugu sagatavosana tika veikta viena veida, turklat atseviski
tika apskatitas olu caumalas ar membranu un bez tas. Tapat merijumiem tika izmantotas vienas
putnu sugas ¢aumalas.

Tresais faktors, kas ietekmé dzivsudraba daudzumu olas un attiecigi to caumalas, ir olas

esoSo embriju vecums, ka arT olu izd€Sanas seciba [120]. Embrijam augot lielakam, mainas
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olas Caumalas struktiira, ta kliist planaka. Olas, kas attistijusas ilgak, ir mazak dzivsudraba
[[114]. Saja darba Hg koncentracijas un olu ,,vecuma” saistiba netika pétita, tomér tika novérots
cits, ar olu attistiSanos saistits lielums — SkiloSos olu Caumalam bija vieglak atdalit membranas
[IP4]. Dati par olu izd&$anas secibu bija pieejami ierobezotam daudzumam paraugu, un §1 darba
ietvaros netika analizgti.

Salidzinot datus no vairak ka 300 ¢aumalu—membranu pariem, to savstarpéja Hg koncen-
traciju attieciba bija vidgji 1:11, varigjot starp 1:4 un 1:30. Vid&ja vertiba ir tuva tai, kadu pub-
likacija par olu caumalu izmantoSanu Hg noteikSanai Amerikas avozetas Caumalas ir noteikusi
S. Petersone ar kolégiem — 1:13,2 [[114].

Hg koncentracijas atSkiribai ¢aumalas un membranas ir vairaki iesp&jamie skaidrojumi.
Viens no tiem ir kTmiska sastava atskiribas — ¢aumalas ir vairak neorganiskas, bet membranas —
organiskas [[121], un metildzivsudrabs, kas ir galvena zivis atrodama Hg forma, vairak uzkrajas
tieSi membranas. V&l viena hipotéze ietver olu fiziologisko veidosanos — olu saturs matites
kermeni veidojas vispirms, un tikai péc tam notiek ¢aumalu mineralizacija [121]], ka arT nav

zinams, kur matites kermenf atrodas dzivsudrabs, no kura ta atbrivojas caur olam [P4].

6.1.2. Korelacijas novertejums

Ta ka melnie starki Latvija ir aizsargajami putni, tiek ievaktas tikai to §kiluSos olu ¢auma-
las un neveiksmigo olu atliekas. Pieejamas ¢aumalas atSkiras sava starpa ar izmériem — sakot ar
nelielam drumslam lidz gandriz veselam ¢aumalam, reiz€m membranu gabaliem.

Ierobezotas paraugu pieejamibas d€l, lai varétu iegiit pilnigaku informaciju, tika salidzi-
nati 320 ¢aumalu un membranu paraugu pari, meklgjot korelaciju (6.5] attéla). Ta ka paraugu
izméri ir nelieli un tie neveido normalsadalijumu, pirms statistiskas analizes veikSanas Hg kon-
centracijas tika naturallogaritmétas.

Datu statistiska analize tika veikta ar programmas R (4.2.1. versija) palidzibu. Datu sa-
daltjuma raksturojumam tika izv€l&ta Spirmana korelacijas analize, kuru izmantojot, tika iegtita
statistiski nozimiga pozitiva korelacija starp ¢aumalu (C(HgCh)) un membranu (C(HgM)) kon-
centracijam (p=0,59; p-vértiba<2,2e!%), uz ko norada korelacijas koeficients p, kas ir lielaks
par 0,5. Tas nozimé, ka pie lielakam Hg koncentracijas vértibam membranas sagaidama augs-
taka Hg koncentracija arT ¢aumalas, un, ka redzams, attéla, pieaugums ir linears.

Datu kopa bija pieejami 23 paraugu tripleti, kam Hg koncentracijas bija méritas gan ¢au-
malas, gan membranas, gan jauktos paraugos. Siem paraugiem tika mekléta saistiba starp Hg

koncentracijam jauktos paraugos un attiecigi membranas vai ¢aumalas.
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6.5. att. Logaritméto Hg koncentraciju olu ¢aumalas (C(HgCh)) un to membranas (C(HgM)) savstarpéja
saistiba. Likne parada linearu korelaciju, un peléka zona — 95% ticamibas apgabalu [P1]].

Lidzigi ka ieprieks, pirms analizes veik3anas koncentracijas tika naturallogaritmétas. So
datu analizei tika izv€l€ta Pirsona korelacijas analize, jo pirmais tests ar 320 paraugiem paradija,
ka visvarbutigaka ir tiesi lineara korelacija.

Saistiba starp logaritm&tam Hg koncentracijam jauktos paraugos un membranas paradita
a) attela. Korelacijas analize parada, ka starp abam paraugu grupam pastav ciesa korelacija,
jo korelacijas koeficients p = 0,77 (p—vertiba < 0,001). Tas nozimg, ka, palielinoties vienai no

koncentracijam, palielinas arT otra.
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6.6. att. Logaritmétas Hg koncentracijas jauktos paraugos un a) membranas (C(HGM) un b) olu ¢aumalas
(C(HgCh)) savstarpéja saistiba. Liknes parada datu linearo korelaciju un peleka zona — 95% ticamibas

apgabalu [P1l].

b) attéla paradita logaritm&to Hg koncentraciju jauktos paraugos un ¢aumalas saistiba.
Saja gadijuma Pirsona korelacijas koeficients p = 0,16 (p—vértiba = 0,45), un korelacija starp

abam paraugu grupam verte€jama ka loti vaja, nebitiska.
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6.2. Dzivsudraba koncentracijas merijjumi melno starku féces

Feces ir vel viens veids, ka dzivnieki no organisma izvada piesarnojumu.

Noverojot melno starku uzvedibu ligzda un tas tuvuma, ir atklats, ka pieaugusie putni
parstaj pastavigi pieskatit calus, kad tie ir sasniegusi aptuveni 2 — 3 ned€lu vecumu. P&c §1
laika (kas ir aptuveni jiinija sakuma), pieaugusie putni ligzda vairs neuzturas un atgriezas tikai,
lai pabarotu mazulus. Tadgjadi ir iesp&jams izskirt pieauguSo putnu feces (atrodamas ligzdas
tuvuma pavasari) un calu feces (savaktas vasara, péc tam, kad pieaugusie ligzdas tuvuma vairs
neizkarnas) [K10].

St darba ietvaros Hg koncentracijas dati tika iegiiti par fe¢u paraugiem, kas ievakti no
2019. lidz 2022. gadam. Kopuma tika iegtits 201 paraugs no 99 ligzdvietam. 2019. gada tika
savakti 36 fecu paraugi, 2020. gada — 41 paraugs, 2021. gada — 68 paraugi, un 2022. gada —
56 fecu paraugi. Paraugu sadalijums pa gadiem un atkariba no putnu vecuma — pieaugusi putni

vai cali — paradits tabula.
6.1. tabula.
Starku feécu paraugu skaits sadalijuma pa gadiem un atkariba no putnu vecuma (pieaudzis vai calis).

IevakSanas gads Ligzdvietas F&ces, picauguso Feces, calu

2019 28 13 23
2020 31 22 19
2021 51 42 26
2022 42 30 26

un att€los redzami grafiki, kuros apkopoti Hg koncentracijas féc€s rezultati, kas
iegiiti no 2021. gada pavasarl un vasara ievaktajiem paraugiem. Rezultatu att€loSana izmantoti
ligzdu identifikacijas numuri, kas sastav no seSiem cipariem. Katrai ligzdai ir savs unikalais
numurs, kuru kopa ar vietas nosaukumu, datumu un arhiva numuru izmanto paraugu identifice-
Sanai.
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6.7. att. Hg koncentracija 2021. gada pavasari ieviktajos fé¢u paraugos [K@|. Uz x ass paraditi ligzdvietu
identifikacijas numuri.
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6.8. att. Hg koncentricija 2021. gada vasara ieviktajos fe¢u paraugos [K@]. Uz x ass paraditi ligzdvietu
identifikacijas numuri.

Redzams, ka lielakaja dala paraugu Hg koncentracija ir robezas no 20 — 180 ng/g ar vi-
dgjo vertibu 110 ng/g. Atseviskos paraugos ta parsniedz 350 ng/g. Hg koncentraciju izkliede
katra ligzdvieta ir robeZas no 3 Iidz 50 % ar trTs izn€émumiem, kad ta ir lielaka par 50 %. Vidégji
relativa meérfjumu klida sasniedz 29 %, kas skaidrojama ar paraugu veidu, daudzumu un to, ka
dalai paraugu klat bija vegetacijas piemaisijumi, kas var ietekmét gala rezultatu. Iesp&ju robezas
feces tika homogenizetas, tomer pastav iesp€ja, ka Hg parauga nav sadalijies vienmérigi. Hg
koncentracijas atSkiribas starp ligzdvietam var noradit uz atSkirigiem Hg limeniem apkarteja
vid€, tomér, lai izdarTtu $adus secinajumus, nepiecieSami dati par ligzdu atrasanas vietam attie-
ciba gan pret iespgjamiem dzivsudraba avotiem, gan upju baseiniem un citu barotnu atraSanas
vietam.

Lidzigs Hg koncentraciju sadalijums pa dazadam ligzdvietam tika noverots ar1 2019.,

2020. un 2022. gada paraugos.

Lai aplukotu Hg koncentracijas féces videjas vertibas izmainu tendences vairaku gadu

laika, katra gada vasaras un pavasara sezonu paraugiem tika izrékinatas vid€jas vertibas.

Attiecigi 2019. lidz 2022. gada pavasara un vasaras paraugu vid€jas koncentracijas pa-
raditas att€la. Noverojama liela koncentraciju izkliede (relativa kliada ir 50% — 80%), kas
saistita ar ieprieks aprakstito koncentraciju atskiribu starp ligzdvietam, vienlaikus redzams, ka
vid€ja Hg koncentracija Cetru gadu laika svarstas ap 100 ng/g.

Vasaras jeb calu féc€s §1 vertiba ir zemaka neka pavasara jeb pieauguso putnu feces. To
varétu skaidrot ar partikas ieguves atrasanas vietam, ka arT putnu vecumu, proti, jaunie putni pa-
rasti sanem baribu no ligzdai tuv§ja areala, kura vecaki to iegiist. Savukart, par pieauguso putnu
baroSanas vietam ir mazak informacijas, dala no féc€s nonakusa dzivsudraba var biit nakusi no

kadas piesarnotakas vietas, ka ar1, iesp&jams, to ietekme lidzs$ingjas Hg rezerves organisma.
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6.9. att. Videja Hg koncentricija feces vasaras un pavasara paraugos 2019. — 2022. gada [Kd].

6.2.1. Dzivsudraba koncentracijas Caumalas un feéces salidzind@jums

Pieejamo datu kopa par Hg koncentraciju olu ¢aumalas un feces starp 2020., 2021. un
2022. gada paraugiem tika atlasitas ligzdvietas, kuram bija pieejami vismaz tris no paraugu
veidiem (Caumalas, membranas, calu feéces, pieauguSo putnu feces), atlasé uzsvaru liekot uz

datu pieejamibu membranam un calu féceém.
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6.10. att. Hg koncentracijas féecés un caumalas salidzinajums. Skaitli apzime ligzdvietu identifikacijas nu-
murus. Klidu nogrieZni parada konkréto paraugu ligzdvieta mérijumu standartnovirzes (K4].

2020. gada bija 6 $adas ligzdvietas (6.10] a) attela), 2021. gada — 4 ligzdvietas (6.10] b)
attéla) un 2022. gada — 5 ligzdvietas (6.10] ¢) attéla). Trim ligzdvietam bija pieejami dati par 2
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no 3 gadiem — ligzdam nr. 452801 un 492202 par 2020. un 2021. gadu, bet ligzdai 032801 —
par 2021. un 2022. gadu. No pargjam ligzdvietam dati pieejami par vienu gadu.

Lielakaja dala paraugu grupu lielaka Hg koncentracija bija novérojama olu ¢aumalu mem-
branas, bet mazaka — pasas olu caumalas, savukart koncentracijas féc€s bija pa vidu starp Siem
datiem. Iesp&jamie datu analizes virzieni ietver, piemé&ram, Hg koncentraciju salidzinasanu pie-
auguso starku matiSu féc€s un olu membranas, tomeér no pieejamajiem datiem nav informacijas
par pieauguso putnu dzimumu ievaktajiem feécu paraugiem.

Kopuma Sobrid pieejama datu kopa ir ierobezota, un pilnigus secinajumus par Hg kon-

centracijas salidzinajumu féc€s un membranas/¢aumalas nevar izdarit.

Hg meérisana cietas vielas ar ZAAS

Analizgjot Hg merisanas metodiku un ieglitos rezultatus, var secinat, ka atomu absorbci-
jas metode papildinata ar Z€mana korekciju un paraugu atomizacijai izmantojot pirolizi ir erta
un salidzinosi vienkarsa metode Hg koncentracijas noteikSanai cietos paraugos. Metodes plu-
si ietver salidzinosi vienkarSo paraugu sagatavosSanu, kas samazina iesp&ju piesarnot paraugus
tas laika, tapat sausus paraugus ir vieglak uzglabat neka, pieméram, Skidumus vai sasaldetus
paraugus. Ka arT metode nodroSina augstu jutibu, un ar to iesp&jams noteikt mazas Hg koncen-
tracijas, kas ir svarigi, pieméram, tadu paraugu analize, ka caumalas, kuras ir noveérojams neliels
dzivsudraba daudzums.

Starp izaicinajumiem, kas saistiti ar §1s metodes pielietojumu, minams nepiecieSama pa-
rauga daudzums. Atkariba no me&ramo paraugu tipa un pieejamibas, ta var biit pietieckami, bet
reizém parak maz, lai iegiitu labus rezultatus. Tapat problémas var rasties, ja organisks paraugs
sadegot veido diimus, kas var apgriitinat koncentracijas noteikSanu merijumu laika, jo to d&] sa-
mazinas analizatora gaismas daudzums, ka ar, ja paraugs sadegot veido nosedumus, kas nonak
uz analizatora optiskajam sastavdalam, ka pieméram, kivetes lodziniem, tadgjadi to piesarno-
jot un samazinot gaismas caurlaidibu, kas savukart, samazina iekartas jutibu. Sada gadijuma
nepiecieSama biezaka iekartas tiriSana.

Darba ieklauto merjjumu rezultatu 1ss apkopojums, ietverot paraugu veidu, skaitu un mi-
nimalo, vid&jo un maksimalo koncentraciju, sniegts tabula. Apskatitas divas no melnajiem
starkiem ieglitu paraugu grupas — ¢aumalas, kas iedalitas tris apakSgrupas (Caumalas, membra-
nas un jaukti paraugi), un féces, kas iedalitas divas apaksgrupas (pieauguso putnu un calu).
Kopgjais analizeto paraugu skaits parsniedza 1000 vienibas.

Tuvaka likuma norma Latvija, ar kuru var salidzinat ieglitos rezultatus, ir no Ministru
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6.2. tabula.
Hg koncentracijas melno starku paraugos 1ss rezultatu apkopojums.

Koncentracija, ng/g
Paraugu veids = Paraugu skaits Vid€ja Maksimala Minimala

Caumalas 358 16 105 3
Membranas 361 202 1880 9
Jaukti paraugi 179 38 1411 7
Féces, pieauguso 107 112 521 10
Feces, calu 94 110 366 8

Kabineta noteikumiem Nr. 118 [91]], kur noradits, ka pielaujama koncentracija biota ir 20 ug/kg.
S1 norma galvenokart domata Hg koncentracijas regulé$anai zivis un dota uz slapjsvara masu.
Pielidzinot iegiitas Hg koncentracijas, janem vera, ka tas iegiitas saussvaram, tatad slapjsvara tas
biitu mazakas. Literatiira atrodams [|122], ka parejas koeficients ir apméram 4-5, tatad saussvara
koncentracijas pielaujama norma ir apméram 80 — 100 ug/kg. Novertgjot rezultatus var secinat,
ka vidéja Hg koncentracija caumalas ir zemaka neka pielaujama norma, bet feéce€s un membranas
ta ir uz robezas vai parsniedz pielaujamo normu.

Salidzinot iegtitos Hg koncentracijas rezultatus ar literatiira [27] atrodamo informaciju
par Hg koncentracijas [imeniem, kas var ietekmét putnu veselibu un dzivotsp&ju, var secinat,
ka lielakaja dala paraugu noteiktas koncentracijas ir pietickami mazas, un tas nerada nopietnu
risku melno starku veselibai. Tomer atseviskos paraugos mérfjumu rezultati sasniedz ltmenus
(500 ng/g un vairak, atkariba no petijuma, putnu sugas, un apskatita paraugu veida), kas varétu

ietekmét starku veselibu un vairoSanas spgju.

6.3. Dzivsudraba koncentracijas mérijumi iideni

Hg analizatora ar Z€mana korekciju izmantoSana realu dabas tidenu paraugu mériSanai ar
auksta tvaika metodi tika parbaudita starptautiska BrookRand Labs organizéta starplaboratoriju
petfjuma.

P&tijuma par dzivsudraba koncentraciju mériSanas metodém piedalijas kopuma 53 labo-
ratorijas no 15 valstim, no kuram 49 iesniedza datus par kop€ja Hg koncentracijas mérisanu, bet
36 — par metildzivsudraba koncentracijas mériSanu [[109].

Katra laboratorija sanéma devinus Gidens paraugus ar nezinamam Hg koncentracijam. P&c
mérjjumu veikSanas dati tika anonimi iesniegti petijuma organizatoriem, noradot izmantotas
paraugu sagatavosanas un mérisanas metodes. Ta ka realas koncentracijas paraugos nebija zi-
namas, no iesititajiem datiem tika izrékinatas videjas vertibas, ka arT tika veikta datu statistiska

apstrade un analize, kas detalizeti aprakstita petijuma zinojuma [[109].
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Atomfizikas un spektroskopijas institiita Augstas izskirsp€jas spektroskopijas un gaismas
avotu tehnologijas laboratorijas iegiitic Hg koncentraciju rezultati katram atseviskajam parau-
gam atbilstoSi paraugu nemsanas vietai, ka ar1 vid€jas vertibas un pétijuma iegitas videjas ver-

tibas paraditas tabula.

6.3. tabula.
Laboratorija iegiitas Hg koncentracijas vértibas devinos analizétajos paraugos atbilstoSi to nemsanas vietai
un salidzinajuma ar vidéjam veértibam, kas iegiitas no visiem pétijjuma iesuititajiem datiem.

Parauga

Heron Pond Sunset Pond Everett North

nemsanas vieta Chryg, ng/l Chryg, ng/l Chryg, ng/l
6,5 6,6 1,9
Merijumu rezultati 6,1 7,6 2.4
8,1 6,4 0,8
Laboratorijas vid€jais 6,9 6,9 1,7
Kopgjais videjais 6,0 5,8 1,4

Redzams, ka visam trs paraugu nemsanas vietam iegiitie rezultati attieciba pret kopgjam
vidéjam koncentracijam ir nedaudz paaugstinati. Vienlaikus tie ir tuvi kop&jam pétijuma iegiita-
jam rezultatam, ko apliecina ar petijuma izmantotie statistiskie radita;ji, kas rezultatus no Heron
Pond un Sunset Pond raksturo ka labus.

Paraugu nemsSanas vietas Everett North rezultati statistiski tika atziti par parak izkliede-
tiem. Lielaka rezultatu izkliede skaidrojama ar to, ka noteiktas koncentracijas bija tuvas iz-

mantotas metodes kvantifikacijas slieksnim, kas noteikts ka 1,2 ng/l. Musu laboratorija iegtitas

Site HP
Total Mercury Results

# LabResults
=—Grand Mean

Y

Total Mercury Concentration (ng/L)
o

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53
Lab

6.11. att. Visu pétijuma piedalijusos laboratoriju Hg koncentracijas meérijumu rezultati, kas iegiiti par pa-

raugu nemsanas vietu Heron Pond ar noraditu vidéjo Hg koncentracijas vértibu vértibu. Sarkana elipse
aptver misu laboratorijas rezultatu. Attels no pétijuma zinojuma [109].

Hg koncentracijas vertibas paraugu nemsanas vietai Heron Pond salidzinajuma ar visu pargjo
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laboratoriju, kas piedalijas kop€ja dzivsudraba koncentraciju noteikSana, iesniegtajiem datiem
redzamas attéla. Grafika atziméta ari izrékinata vidéja Hg koncentracija 6,0 ng/l.
Salidzinot laboratorijas iegtitos rezultatus ar citu laboratoriju rezultatiem, var secinat, ka
izveleéta metode un dzivsudraba analizators ir pieméroti nelielu Hg koncentraciju mérisanai tide-
ni. Ta ka, izmantojot auksta tvaika metodi, paraugu sagatavoSana un mériSana nepiecieSams
izmantot ktmiskas vielas un to Skidumus, tad uzmaniba japievers So vielu tiribai attieciba uz
dzivsudrabu. Ka arT nepiecieSams nodros§inat no dzivsudraba tirus meérijjumos izmantotos labo-

ratorijas traukus.



7. Secinajumi

Apkopojot B] — bl nodalas iegiitos rezultatus, tika izdariti $adi galvenie secinajumi:

1.

Optimala jaudas vértiba As ABL darbinasanai ir aptuveni 14 W (= 20 V), jo pie §1s jau-
das spektrallinijam nav vai ir minimala pasabsorbcija. Pie lielakam jaudas vertibam pa-
Sabsorbcija pieaug. Vismazaka paSabsorbcija ir 197,3 nm rezonanses spektrallinijai, bet

vislielaka paSabsorbcija un mazaka intensitate ir 189,0 nm spektrallinijai.

. Izmantojot ierosmei generatoru ar frekvenci 300 MHz, iegtist lielakas intensitates spek-

trallinijas, turklat pie zemakas jaudas, neka izmantojot generatoru ar 100 MHz frekvenci.

. Arsénu saturoSas ABL noteiktos apstaklos no stabila rezima pariet paSmodulacijas rezZi-

ma. ST pareja vid&ji notiek pie 26 — 28 V ierosmes generatora sprieguma, bet var sakties
jau pie 24 V, vai nesakties lidz pat 30 V spriegumam. Noverots, ka apskatitaja 21 —29 V
sprieguma diapazona getera pievienoSana novers paSmodulacijas reZima veidoSanos. Pa-
Smodulacijas periods As ABL ir atkarigs no ierosmes generatora jaudas.

As ABL spektralliniju ilgtermina fluktuacijas ir nelielas — atkariba no lampas un darbina-

Sanas rezima tas ir 0,3 — 0,7% robezas.

. As ABL gazes temperatura ir aptuveni 1000 — 1100 K. Iegiitie rezultati saskan ar tiem,

kas iegiiti citu elementu ABL.

. Hg kapilara lampu iesp&jams darbinat, novietojot kapilaru tris atSkirigas pozicijas — ar

kapilaru horizontali, ar kapilaru vertikali un attiecigi rezervuaru augsa vai leja. Petijjuma
rezultati paradija, ka kapilara lampai piemérotakais darbinasanas reZims ir ar kapilara no-
vietojumu horizontali. Novertgjot starojuma stabilitati visam trim kapilara pozicijam, var
secinat, ka kapilara novietojums horizontali un vertikali ar rezervuaru leja sniedz stabilako
starojumu — fluktuacijas ir apmeéram 2% apmera.

Hg sferiska lampa darbojas gan E—izlade, gan H—izladg, pareja no vienas izlades otra
notiek apméram pie 15 V sprieguma. IzmantoSanai AAS optimals darbinasanas spriegums
ir apméram 12 — 13 'V, jo pie lielakam sprieguma vertibam spektrallinijai novérojama
pasabsorbcija. P&c nostabilizé€sanas Hg 253,7 nm spektrallinijas starojuma fluktuacijas

sferiskaja lampa sasniedza 1,1%.

. As un Hg gadijuma augstfrekvences bezelektrodu lampa nodroSina ievérojami intensiva-

87
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10.

11.

12.

13.

ku starojumu neka dobja katoda lampa — arséna ABL spektralliniju intensitate bija pat
1000 reizes lielaka, bet Hg ABL — vismaz 25 reizes lielaka neka attiecigo spektralliniju
intensitate DKL.

Z&mana AAS ir piemérota metode Hg koncentraciju noteikSanai putnu olu caumalu, mem-
branu un fécu paraugos, atlaujot mérit Hg koncentracijas ap 5 ng/g. Izmantojot pirolizes
metodi, paraugu sagatavosSana ir minimala, kas samazina piesarnojuma iesp&jas, un rezul-
tati ieglistami atri, dazu mindisu laika.

Dzivsudraba koncentracija olu ¢aumalas ir aptuveni 9 — 11 reizes mazaka neka to mem-
branas. Caumalas, kuram membrana nav atdalita, dzivsudraba koncentracija ir augstaka
(videja koncentracija 38 ng/) neka tajas, kuram membranas ir nonemtas (videja koncen-
tracija 16 ng/g). Tas biitu janem vera salidzinot datus publikacijas par Hg olu ¢aumalas.
Vidgja koncentracija tiras membranas ir 202 ng/g. Starp Hg koncentraciju olu caumalas
un membranas pastav vidgji ciesa pozitiva korelacija.

Hg koncentracija pieauguSo putnu féc€s un calu féces ir atskiriga. Calu feces videji Hg
koncentracija ir zemaka (94 ng/g) neka pieauguso starku feces (107 ng/g).

Iegtito Hg koncentraciju melno starku paraugos vidg€jas vertibas ir tuvas Ministru kabineta
noteikumos dotajai pielaujamajai normai biota. Vienlaikus lielakaja dala paraugu netika
iegiitas koncentracijas, kas literatiira aprakstitas ka nopietnus veselibas trauc€jumus rado-
Sas.

Papildinot ZAAS spektrometru Hg koncentraciju mérisanai ar auksta tvaika generacijas
papildiekartu, iespgjams mérit Hg tidenos ar noteikSanas robezu 0,5 ng/l. Darba ieklauti
tidens testa paraugu mérijumi starplaboratoriju pétijuma ietvaros. legttie rezultati ir tuvi
citu laboratoriju zinotajiem rezultatiem, apliecinot, ka izmantota metode ir piemérota Hg

koncentracijas noteikSanai dabas tidenos.
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Apzimejumu saraksts

Darba biezak lietotie saisindjumi.:
AAS — atomu absorbcijas spektrometrija, ar1 spektrometrs
ABL — augstfrekvences bezelektrodu lampa
DKL — dobja katoda lampa
UV — ultraviolets

Formulds biezak sastopamie apziméjumi un fizikas konstantes:
I — gaismas intensitate, arl intensitates sadalijums
Iy — sakotngja gaismas intensitate, ar1 intensitate spektrallinijas centra
[, — cauri izgajusas gaismas intensitate
L4 — spektrallinijas maksimala intensitate
v, 1y — frekvence, centrala frekvence
A, A\o— vilna garums, centralais vilpa garums
K, K, — absorbcijas koeficients
x — linearais izmérs, kivetes garums
A — absorbcijas spgja
C — koncentracija
S — metodes jutiba
s — standartnovirze
1 — 1erosinats stavoklis
k — pamatstavoklis
E;, E, — energijas limeni
A, B, Br; — Einsteina koeficienti attiecigi starojuma spontanai un inducgtai emisijai un
absorbcijai
N, N,, N;, N, — atomu koncentracija attiecigos apstaklos
Ji, gr — statistiskie svari
J — lenkiska momenta kvantu skaitlis
T — stavokla dzives laiks
Av, A\ — spektrallinijas pusplatums
T — temperatura
m — masa
M — molmasa
A, Me — gazes un metala neierosinati atomi
A* Me* —ierosinati gazes un metala atomi
Me™ — jonizéts metala atoms
c=3-10%m - s~! — gaismas atrums vakuuma
h = 6,62 - 10734J - s — Planka konstante
kp =1,38-10723J - K~! — Bolcmana konstante
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1. pielikums — Ltmenshémas
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2. pielikums — Jutibas/absorbcijas Iiknes
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3. pielikums — PaSmodulacijas grafiki
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4. pielikums — Paligierices PYRO-915+ shéma
Paligickarta (P4.1] attgla) sastav no tris dalam:

1. energijas padevei un gaisa plismas pumpé&Sanai un regulacijai, 1 iekartas dala satur ari
vadibas paneli temperatiiras reZima izvélei;

2. termokameras, kura notiek paraugu atomizacija;

3. argjas optiskas iekartas, kas pievienota analizatoram RA-915M un kura notiek absorbcijas

merijumi.
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DATA CORRELATION OF MERCURY IN EGGSHELLS AND
EGGSHELL MEMBRANES OF WILD BIRDS
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Abstract. Wild birds are common study subjects as agents of mercury pollution, in particular predominantly
fish-eating birds that are at risk for high mercury intake. The Black Stork is one such species in Latvia. Its
conservation status is very unfavourable; by the IUCN criteria, it is considered to be critically endangered. Our
data encompasses several species of wild birds; however, the bulk of data consists of black stork eggshells. If the
target species is endangered, it is highly desirable to reduce the impact caused by the data collection itself. The
collection of eggshell remains under nests is one such non-invasive method. Black storks often drop hatched
eggshells and the remains of eggs out of their nests. The downside of this method is the fact that one cannot choose
a preferable type of artefact to be collected, only what is there. Eggshell remains under nests vary greatly both in
size and condition from almost complete eggs to tiny scratches of eggshell. We used an atomic absorption
spectrometer with Zeeman correction LUMEX RA-915M paired with its attachment for pyrolytic analysis PYRO-
915+ to detect total mercury concentration in our samples. Pyrolytic combustion enables direct measurements
without special pre-treatment steps, minimizing sample contamination risk and offering nearly immediate results.
To assess our data, we did a statistical analysis using R version 4.2.1. We have previously observed that eggshell
membranes contain higher levels of mercury than eggshells themselves. Here we check whether the amount of
mercury found in various types of artefacts correlates, using 320 pairs of data for black storks for which both
separate measurements were possible. Our data show that the correlation between the two is significant. In
addition, we discuss the correlation between eggshells with attached membranes and membranes themselves, as
well as between eggshells and eggshells with attached membranes.

Keywords: mercury, black storks, wild birds, eggshells, membranes.

Introduction

Mercury is one of the most toxic elements in the environment. Methylmercury, which is produced
during methylation processes in aquatic environments, is one of its most dangerous organic forms. After
entering the food chain through tiny organisms, methylmercury starts to bioaccumulate and biomagnify.
Because of these processes, even low to moderate mercury concentrations can rapidly reach toxic levels,
thus endangering both living organisms and the environment [1].

Because wild birds are top predators in many terrestrial and aquatic environments, and their
reproductive systems are highly sensitive to mercury toxicity, they are commonly studied as agents of
mercury environmental pollution [2]. A significant role in this process is played by fish, where
biomagnification of methylmercury occurs at a high rate [1]. Consequently, these are predominantly
fish-eating birds that are at risk for high mercury intake [3].

The Black Stork (Ciconia nigra) is one such species in Latvia. Their diet mainly consists of small
and average-sized freshwater fish, foraged in streams, fish ponds and similar shallow aquatic
environments [4]. The conservation status of the black stork varies across countries in Europe, it is least
favourable in the Northern European part of its range (Latvia, Estonia). In Latvia according to the latest
assessment it is considered to be critically endangered [5]. The size of the breeding population in Latvia
over the last 20 years has decreased more than twice.

Numerous studies have reported results for mercury in the egg parts of various bird species (e.g. [6-
10]). Studies of whole eggs have shown that most of the mercury is located in the albumen and yolk and
only a small amount is found in shells [9-11]. At the same time, it was concluded, that egg albumen has
a strong correlation with shells [6; 9] and membranes [10].

We found only a few previous studies by other authors of mercury concentration measurements in
the membranes and eggshells of bird eggs [6; 10]. Brasso et al. in their work [10] indicate, that in terms
of mercury assessment, the use of egg albumen is preferable. At the same time, they and Kennamer et
al. [9] discuss the advantages of eggshells, such as ease of sample collection, transport and storage,
sample availability and less impact on bird populations.
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Reducing the impact of data collecting itself is especially desired if the target species is endangered.
One such non-invasive technique is gathering of eggshell remnants from beneath nests. Black storks
often drop hatched eggshells and the remains of eggs out of their nests [ 7], meaning they can be collected
without climbing to the nests. In addition to reduced interference with the birds themselves, eggshells
do not require specific storage conditions. In fact, they can be easily stored for long periods [12], and
the use of viable eggs for research purposes is avoided.

The drawback of this approach is that one can only collect what is there, without being able to select
a preferred sort of artefact. Eggshell remnants found under nests vary greatly in size and condition,
ranging from nearly intact eggs to tiny scratches. Even more — for some eggs, there are only scraps of
eggshell available, while for others we can find larger pieces of membrane, but no eggshells. This means
that using as many samples as feasible is crucial to increase the spatial coverage of the items gathered
and, consequently, to raise the representativeness of data for each given year.

Due to the limited availability of eggshell remains, our interest is to investigate the possible
correlations between eggshells and eggshell membranes.

Materials and methods

For this study, we used wild bird eggshells that were collected from 2003 to 2022 in all regions of
Latvia. We analysed a total of 397 eggshells, 401 membranes and 209 mixed samples (where the
membrane was not separable from the shell). Our data encompass several species of wild birds, namely,
the White Stork (Ciconia ciconia), the European Roller (Coracias garrulus), the Grey Heron (Ardea
cinerea), the Osprey (Pandion haliaetus), the White-tailed Eagle (Haliaetus albicilla), the Eagle Owl
(Bubo bubo), the Lesser Spotted Eagle (Clanga pomarina), the Eurasian Woodcock (Scolopax
rusticola), the Northern Pintail (4nas acuta), the Western Capercaillie (Tetrao urogallus), the Western
Marsh Harrier (Circus aeruginosus), the Goshawk (Accipiter gentilis), and the Common Buzzard (Buteo
buteo), however, the bulk of the data consists of black stork eggshells. The use of artefacts of several
wild bird species allows us to compare the results between different species.

We labelled all gathered eggshell samples with their respective nest numbers and date of collection
and added a description of shell characteristics, including possible hatching status (hatched, unhatched,
unknown). We have previously observed that the hatching status may influence how easily membranes
can be separated from eggshells [7]. We air-dried eggshells and, if necessary, cleaned them with a soft
brush to remove debris.

To prepare samples for measurements, we separated the inner membrane from the eggshell.
Sometimes it was impossible, so we measured mixed samples of both eggshell and inner membrane.
Immediately before measurements we homogenized our samples using a mortar and pestle.

We did total mercury measurements using an atomic absorption spectrometer with Zeeman
background correction LUMEX RA-915M paired with its attachment for pyrolytic analysis PYRO-
915+. Pyrolytic combustion enables direct measurements without special pre-treatment steps,
minimizing sample contamination risk and offering nearly immediate results. For our sample type, the
threshold of detection was approximately 2 ng-g!.

The measurement procedure was carried out as follows: first, we recorded the weight of a sample,
then we placed the sample inside the atomizer PYRO-915+, where it was thermally decomposed.
Afterwards, we measured the absorption of the mercury 254 nm resonance radiation and calculated the
mercury concentration in the sample.

The average mass of our samples was 50-100 mg dry weight (d.w.) for eggshells and 20-30 mg d.w.
for inner membranes, as they are a lot less dense than eggshells. We measured each sample 5 times on
average, and then calculated the standard deviation to better assess the average value. For calibration
and periodical testing we used a certified reference material of mussel tissue — ERM-278k (by the
European Commission Joint Research Centre).

We conducted statistical data analysis to look at the relationships between mercury concentrations
in different sample compositions: eggshell, membrane, and mixed. All statistical data analyses were
done using R version 4.2.1 [13].
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Results and discussion

The main problem in using eggshells as biomonitoring artefacts mentioned in [6] and [10] is the
low mercury concentrations in eggshells as opposed to egg content. This requires the use of analytical
instruments with sufficiently low detection limits. All of our samples had mercury concentrations above
the detection limit of 2 ng-g™!' of our device.

For this work, we pooled together all measured data for the black stork and evaluated the
distribution and mean values for three sample groups — eggshells, membranes and mixed samples
(Fig.1). The eggshells had the lowest concentrations, with the average value of 16 ng-g™!' and 95% of
samples within the range of 3 to 52 ng-g"'. For mixed samples, it was difficult to evaluate the contribution
of each of the parts, but the concentrations were higher than those of eggshells. Membranes contain
more mercury, and the mean value for our samples was 202 ng-g!, with most samples being in the range
of 43 to 815 ng-g!. There were also several very high Hg values — over 1000 ng-g™'.

Possible sources of mercury contamination in Latvia include anthropogenic activities, such as peat
mining, forestry, cement manufacture, illegal dumps, garbage incineration, and military artefacts. In
addition, beaver ponds are among the potential natural sources of mercury. Because black storks are
migratory birds, mercury may have also been “imported” from other countries [7].
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Fig. 1. Mercury concentration in three sample types of black storks:
No of samples: eggshells (358), membranes (361), mixed samples (179)

We have previously observed that the total mercury concentration in black stork eggshell
membranes is approximately 9 times higher than in shells, using a smaller group of samples [7]. Here,
using data from more than 300 sample pairs, we have found that the ratio of mercury in membranes and
eggshells is closer to 11:1 respectively, with variations between 4:1 and 30:1. The average value is close
to the one for American avocets reported in [6] (13.2:1).

We separated our data on mercury in membranes and in eggshells by the species of wild birds. The
largest group, as previously mentioned was for black storks — 361 and 358 samples, respectively. For
all the rest of the species, we had from one to ten samples in each group. Preliminary results show that
mercury concentrations in other birds’ eggshells are similar to or lower than for black storks. More data
is needed to analyse the mercury concentration in relation to bird species.

For the correlation assessment, we selected 320 sample pairs of black stork artefacts for whom we
had results for both membranes and eggshells. All Hg concentration values were natural log-transformed
before statistical analyses in order to meet the assumptions of normality and homogenous variance for
linear regression analysis where possible.

Since our data are non-parametric, we decided to use Spearman’s correlation analysis instead of
Pearson’s to look at the correlation between egg membrane mercury concentration and eggshell mercury
concentration for black stork samples. Spearman’s correlation analysis on 320 samples showed a
statistically significant positive correlation between membrane mercury concentration and eggshell
mercury concentration in a sample (p = 0.59; S (320) = 2258875; p-value < 2.2¢7'%), as shown in Fig. 2.
In this case, the value of p is positive and greater than 0.5, indicating a moderately strong positive
correlation between the two variables.

340



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 24.-26.05.2023.

w £

Eggshell Hg concentration, ng/g

4 6
Membrane Hg concentration, ng/g

Fig. 2. Correlation between Hg concentration in membranes and eggshells

In our collection of eggshells, we had 33 sample pairs obtained from various other wild birds, for
whom we had results for both membranes and eggshells. These data points were parametric and linear,
so we conducted a Pearson’s correlation analysis (p = 0.66 (95% CI 0.40 to 0.82); ¢ (31) =4.84; p-
value < 0.001). The correlation coefficient of 0.66 indicates a moderate positive linear relationship
between the two variables, meaning that as the membrane Hg concentration value increases, the eggshell
Hg concentration also increases. We have relatively little data on other wild birds that are not black
storks at the moment, so sample collection must continue.

We also had 23 black stork samples available, in which the mercury concentrations were measured
in all three composition groups: eggshells, membranes, and mixed. We decided to analyse these 23
samples to see whether mercury concentration in mixed composition samples correlates in any way with
that of eggshells or membranes.

Firstly, we conducted the Pearson’s correlation analysis (p =0.77 (95% CI 0.52 to 0.89); ¢
(21) = 5.454; p-value < 0.001) to look at the relationship between membrane mercury concentration and
mixed mercury concentration, as shown in Fig. 3A.

The results of the correlation analysis indicate that there is a statistically significant strong positive
linear relationship between mixed mercury concentration and that of the membrane. The correlation
coefficient is 0.77, which suggests that as one variable increases, the other variable also tends to increase.

Additionally, we conducted a linear regression analysis to investigate the relationship between
membrane Hg concentration and mixed Hg concentration. The results showed a significant positive
relationship between the two variables (= 0.7278, SE =0.1334, ¢ (21) = 5.454, p <0.01), indicating
that for a one-unit increase in log-transformed mixed Hg concentration, we expect to see a 0.7278
increase in log-transformed membrane Hg concentration, holding all other variables constant. The
overall model was significant (¥ (1,21) =29.75, p <0.01), and the model accounted for 58.62% of the
variance in the log-transformed membrane Hg concentration (adjusted R-squared = 0.5665).

In conclusion, our results suggest that the mixed sample Hg concentration is an important predictor
of membrane Hg concentration and that the model provides a good fit for the data. Here is our calculated
linear model: log(membrane Hg) = 2.6089 + 0.7278 * log(mixed Hg).

Furthermore, we tested the relationship between eggshell Hg concentration and mixed Hg
concentration, using the Pearson’s correlation analysis (p = 0.16 (95% CI -0.27 to 0.54); t (21) = 0.767;
p-value = 0.4515), as shown in Fig. 3B. The results suggest that there is not a statistically significant
correlation between mixed Hg concentration and eggshell Hg concentration. The weak positive
correlation coefficient of 0.1651243 suggests that as one variable increases, the other variable tends to
increase slightly, but the confidence interval suggests that we cannot be confident that the true
correlation coefficient is significantly different from 0.
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Fig. 3. Correlation between Hg concentration in membranes and mixed samples (A) and between
Hg concentration in eggshells and mixed samples (B)

Conclusions

Several hundred eggshell samples of various wild birds occurring in Latvia were measured. The
average mercury concentration value for eggshells was 16 ng-g"! and for membranes — 202 ng-g!. The
average ratio of mercury in membranes versus shells was 11:1.

The correlation between mercury concentration in eggshells and membranes of black storks has
been assessed. Our results show that the correlation is positively moderately strong. In comparing
eggshells and membranes to mixed samples, it was found that mixed samples can be used to predict the
concentration in membranes. No correlation between mixed samples and eggshells was found.

Preliminary results from other birds separately from the data of black storks were also analysed.
The mercury concentrations were similar or lower than those of black storks. The correlation of
membranes versus eggshells indicated a positive linear relationship. More data are needed for further
analysis.
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Abstract.

This work is focused on obtaining and analyzing the main spectral characteristics of a high-
frequency electrodeless light source filled with arsenic for use in high-precision atomic
absorption analyzers. We analyzed the relative intensities of the three arsenic resonance spectral
lines 189.0 nm, 193.7 nm, and 197.3 nm in the far UV spectral region, the dependence of the
intensity on the applied voltage, the impact of the instrumental function on the emission spectra,
the influence of self-absorption and the stability of the radiation. Among others, a deconvolution
procedure was implemented to obtain the real shapes of the emitted profiles.

1. Introduction

Atomic absorption spectrometry with Zeeman polarization modulation background correction (ZAAS)
is a very sensitive method with exceptional detection limits, widely used to assess environmental
pollution for various metallic elements. The most important component of an atomic absorption
spectrometer is a light source. Typically, either hollow cathode lamps or high-frequency electrodeless
lamps (HFEDLSs) are chosen as light sources. In the case of such elements as arsenic, mercury, selenium,
phosphorus, etc., electrodeless lamps offer significantly higher intensities, better stability, and longer
lifetimes than hollow cathode lamps [1].

Arsenic is a toxic element that can be found in rocks, soil, water, and the air. Arsenic enters the
environment because of natural processes and anthropogenic activities [2]. It is toxic if taken at higher
doses and can cause various health problems, including skin lesions, cancer, cardiovascular disease,
diabetes, and others [3;4]. Human exposure can occur via all three principal routes, that is, through the
inhalation of air, through the ingestion of food and water, and via dermal. For example, a recent study
found that the total arsenic in seafood samples consumed in the USA varied greatly in the range of 8-
22200 ng/g (wet mass) [5].

The purpose of this work is to continue the development of arsenic UV HFEDLSs for their use in ZAAS
for the detection of arsenic in low concentrations in the environment [6]. The focus of this work is to
measure profiles and intensities of three poorly investigated As resonance lines of 189.0 nm, 193.7 nm,
and 197.3 nm wavelength, lying in the far UV region. The aim is to find out experimentally which of
the three resonance lines is the most suitable for use in ZAAS, considering that the 189 nm line has not

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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yet been studied. The requirement for ZAAS is to have an intense and not self-reversed resonance
spectral line.

2. Theoretical background
In atomic absorption spectrometry, not only the intensity but also the spectral line shape is important. In
such cases, diagnostics of line shapes is essential.

As it is well known [7;8] the measured (experimental) spectral line f(v) is a convolution of the real
line profile y (v) of the emitted spectral line and the instrument function 4 (v, v) It can be described by
Fredholm integral equation of the first kind:

f AV ()dv' = f(v), c<v<d, (1)

where a, b and c, d are the limits of the real and measured (experimental) profiles accordingly.

Reconstruction of the real line shape from the measured one is the so-called inverse ill-posed task
because small uncertainties in the measurement give large deviations in the solution. Since it is a
complicated task, sometimes the instrument function is neglected. In general, it is acceptable for high
temperatures and dense plasmas. However, in the case of low—pressure inductively coupled plasma in
HFEDLSs, the instrument function is on the same order of magnitude as that of the experimental profile
and it has to be taken into account [9].

The instrument function can cover the detailed structure of the spectral line, like the dip in the line
center caused by the self-absorption (self-reversal) and characterizing the radiation trapping.

In our work, the solution of the ill-posed inverse task is implemented by a method based on Tikhonov
regularization. According to Tikhonov’s regularization algorithm [10,11], the initial, ill-posed task
from equation (1) can be transformed into a task of the minimum searching of the smoothing functional:

M, [ .7 ]=|- 7] +e0ly], @)

~ ~12
where o>0 - regularization’s parameter; |4y — f HF - discrepancy. Q is stabilizing functional, described

by the following expression:

Qfy]=Dt;- 3)

By minimizing the functional (2), we obtain the solution of a correct inverse task instead of the
incorrect one, for the further solution using the classical methods.

The main difficulty for the application of this method is the choice of the regularization parameter o,
which determines the correspondence between the stability and reliability of the solution. Here we used
the discrepancy minimization method [12].

3. Experiment

For measurements, we used a spherical HFEDL, with a bulb diameter of 1 cm, made of SiO; glass. The
lamp was filled with arsenic as a working element and argon as a buffer gas of 3 Torr pressure. To ignite
the discharge plasma, the lamp was placed in the coil of the excitation generator, working at 100 MHz
frequency. The power of the generator was changed in the range from 11W to 18 W. The spectral
measurements were performed by a Fourier spectrometer Bruker IFS HR125 with a spectral resolution
0f0.015 cm™.

We recorded and analyzed arsenic 197.3 nm (*Pi2 — *S32), 193.7 nm (*P3» —*S31), and 189.0 nm
(*Ps»—*S31) spectral line profiles and intensities, devoting more attention to the latter, as it has not been
studied previously. All lines correspond to the resonance transition (ending on the ground level) which
makes them suitable for use in AAS.

The stability of radiation was recorded by spectrometer Jobin Yvon SPEX 1000M, with a spectral
resolution of 0.07 nm.

After the measurements, the deconvolution procedure was applied to retrieve the real spectral line
shapes without the influence of the instrumental function.
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4. Results

4.1. Intensity dependence on power
The spectra of arsenic in the range from 188 nm to 198 nm can be seen in Figure 1.

Figure 2 shows dependencies of the integrated areas of arsenic 189.0 nm, 193.7 nm, and 197.3 nm
spectral lines on the excitation generator power values between 11 W and 18 W. As can be seen, all
three lines have a maximum at power values of about 16.50 W. After that, intensities start to decrease.
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Figure 1. Arsenic HFEDL spectrum with three As  Figure 2. Integrated intensities of 189.0, 193.7,
resonance spectral lines. In the left corner, energy and 197.3 nm lines in dependence on excitation
levels and transitions of the respective lines are power on an HFEDL.

shown.

Figure 3a shows the dependency of the measured arsenic 189.0 nm spectral line profiles on the
excitation generator power values, namely at 10.98 W, 12.35 W, 13.80 W, 15.12 W, 16.50 W, and 17.71
W. It agrees well with the results presented in Figure 2, illustrating, that a higher rate of self-absorption
results in an intensity decrease.

Figure 3b shows an example of the measured and calculated real spectral line profiles of arsenic
189.0 nm in the case when the generator power was 15.12W. As described previously, the instrumental
function partially covers the dip in the real line shape.
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Figure 3. a) Dependence of intensity on power. b) The example of the measured As 189 nm spectral
line (stars) and calculated real line (squares) when P=15.12W.
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4.2. Ina/ly dependence on power

In this work, as a quantitative indication of self-reversal, the ratio of (Imax/Io) is obtained, where Iy is the
intensity of the spectral line profile at the center of the line; Imax is the intensity at the line maximum. In
Table 1, we can see the obtained rates of (Imax/lo) for the three arsenic spectral lines as a function of
generator power for calculated real (after implementation of deconvolution procedure) profiles.

Table 1. Obtained rate of self-absorption for calculated real profiles of As 189.0 nm, 193.7 nm, and
197.3 nm spectral lines by different values of excitation generator power.

Imax/IO
Power, W 10.98 12.35 13.80 15.12 16.50 17.71
189.0 nm line 1.10 1.10 1.03 1.22 5.40 31.01
193.7 nm line 1.00 1.00 1.00 1.53 7.17 38.61
197.3 nm line 1.00 1.00 1.00 1.09 2.80 8.88

As can be observed from Table 1, the spectral line of arsenic at 197.3 nm has the lowest levels of
self-absorption, whereas the spectral line at 189.0 nm is the most self-absorbed. Self-reversal is
nonexistent when the value of Imax/Io is equal to 1. Comparing all three lines, the 197.3 line is less
affected by self-absorption in wider power regions and is the most intense line compared to the other
two (Figures 1-2). Considering that non-reversed and intense spectral lines are required, we can
conclude that the 197.3 nm line is more suitable for use in AAS.

4.3. The stability of the radiation of the lamp

Short- and long-term stability of radiation is a very important factor for applications, being one of the
main advantages of HFEDLs over hollow cathode lamps. Figure 4 shows the integrated intensity of
arsenic resonance lines over a period of time. The measurements were performed at a power value of
14.9 W, registering the line intensity every 15 seconds for an hour. To evaluate the stability of radiation,
we implemented a ratio Al/L.y,, where Al is the standard deviation and I,y is the average value of spectral
line intensities. Our calculations showed that, after a short warm-up time, the stability of the spectral
lines is at the level of 0.4% for As 193.7 nm and As 197.3 nm, and because of lower intensities -
approximately 0.7% for As 189.0 nm, which are very good values [13].
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5. Conclusions

In this work, we investigated spectral line shapes and intensities of the arsenic far UV 189.0 nm, 193.7
nm, and 197.3 nm spectral lines, emitted from a HFED lamp, manufactured in our laboratory. The
spectral line profile of the far UV As line 189 nm has been studied for the first time. The measurements
made by the Fourier spectrometer in dependence on the excitation power showed that intensities reach
a maximum at 16.50 W for all three lines, but self-reversal occurs already at 14-15 W. Relative
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intensities start to decrease for higher excitation power values. This behavior can be explained by self-
absorption.

Along with the increase of excitation generator power self-absorption's influence on the line shape
leads to self-reversal and thus becomes clearly visible.

We also examined the stability of radiation of HFEDL. The results show that after the initial warm-
up time, the lamp has a high level of stability fluctuations around the average intensity not exceeding
0.4-0.7%, depending on spectral line intensity.

To conclude, the arsenic 197.3 nm spectral line has the highest intensity and also the lowest values
of self-absorption, which makes it the best choice for usage in ZAAS. Of the three resonance lines being
studied, the 189.0 nm spectral line has the highest level of self-absorption, making it unsuitable for use
in ZAAS.
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Abstract: In this paper mercury concentration in the biological samples of black storks, collected
from nests in different regions of Latvia, was measured using Zeeman Atomic Absorption
spectrometry. The concentration of mercury was up to 1800 ng/g in dependence of the location of
nests and the sample type. © 2022 The Authors

1. Introduction

Mercury is one of the most dangerous and poisonous heavy metals that is widely distributed in the environment
[1]. In comparison with other heavy metals, it is unique and also especially dangerous because of the high vapor
pressure at the room temperature. The mercury is toxic in all forms. However, the main danger of mercury is its
most popular organic form - methylmercury, and so called bioaccumulation and biomagnification processes in the
food chain [2]. Methylmercury is able to enter the hair follicle, and to cross the placenta as well as the blood-brain
and blood-cerebrospinal fluid barriers, allowing accumulation in the hair, the fetus and the brain [3]. Most
countries have set strict criteria for the maximum levels of permittable mercury concentrations in the environment
and food, especially sea-food. For example, European Commission Regulation (EC) No 1881/20062 sets the
maximum levels for certain contaminants, including mercury, in foodstuffs [4].

Our work is dedicated to the accurate measurement of Hg in biological samples of birds in order to draw
conclusions about the distribution of mercury in the environment. Hg monitoring with birds may be done by using
various indicators, such as blood, feathers, faeces, eggs and eggshells [5, 6]. As a piscivorous bird, the Black stork
(Ciconia nigra) is at risk for higher mercury intake than non-piscivorous birds.

In our work, we collect mainly eggshells and faeces from different nests across the Latvia. To detect mercury
at the required level, we use very sensitive method — Zeeman Atomic Absorption spectrometry (ZAAS).

2. Methods and materials
2.1.  Experimental technique

For this study very sensitive technique — the Zeeman Atomic Absorption spectrometry with high frequency
modulation of light polarization (Lumex RA-915M) — was used. The use of the Zeeman background correction and
a multipath analytical cell provides high selectivity and sensitivity of measurements.

The principle of ZAAS is shown in Figure 1. One of the main components of the equipment is a high-
frequency electrodeless discharge lamp, filled with mercury isotope vapor (pair isotope '**Hg or ***Hg). The lamp
is placed in a permanent magnetic field. Due to the Zeeman effect, the mercury resonance line with the wavelength
of 253.7 nm is split into three polarized components — a linearly polarized m component and in two circularly
polarized 6 un 6" components. Only ¢ components are used for sample analysis. By finding the appropriate
intensity of the magnetic field, it is obtained that ¢ the component coincides with the mercury absorption profile
center, while 6° component deviates from the absorption profile. When there is mercury vapor present in multi-
path cell, the difference between the intensities of the c-components changes. Comparison of their intensities
allows determining the concentration of mercury present in the analyzed sample.

For the analysis of solid and biological samples an attachment for thermal decomposition can be used. As a
result, the instrument allows direct determination (no pretreatment is required) of mercury in biological samples
with the low detection limit of 1-3 ng/g.
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Fig. 1. The principle of the Zeeman atomic absorption spectrometry. Adapted from operation manual provided by [7].

Prior to the measurements all samples were collected, labeled and air dried. The faeces were separated from
vegetation. The eggshells and their inner membranes were separated were possible, afterwards they were crushed
by pestle and mortar to homogenize the samples. Small amount of chosen sample was weighted and put into
pyrolysis attachment for thermal decomposition and mercury analysis.

2.2.  Collected Material

In this study, the biological samples from the black stork nests all across the Latvia were collected.

Mainly feaces and eggshells were collected and used for analyses. In total more than 150 samples of the
feaces were collected and about 400 samples of the eggshells. The faecal samples were collected both in the
spring and in the summer, allowing separating the samples from chicks and their parents (it is known that parents
do not defecate near the nest when chicks have reached certain age). At the moment close to 100 samples from
both, eggshells and faeces have been analyzed.

3. Results

Analyzing the feaces from 18 nests we detected mercury concentration in the range from 10 — 170 ng/g.

We found also that mercury concentration in eggshells depend on sample type — for eggshells it was lower,
ranging from the limit of detection and up to 100 ng/g, but mostly in the range from 5 to 30 ng/g. For membranes
concentration was higher, starting from around 100 ng/g and up to 1800 ng/g, proving that the ZAAS method can be
applied for analyzing mercury content in the biological samples like feaces and eggshells. To explain the variation
of mercury content in the samples from different nests further investigation is still needed.

Temporal and spatial analysis of the data of measured mercury concentration could be used to estimate
environmental pollution levels and to search for possible sources and causes of mercury contamination.
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Female birds whose bodies contain environmental
contaminants produce eggs with shells that are likewise
contaminated, making bird eggshells appropriate indicators

for  monitoring  environmental  toxins. n Common
contaminants include organic mercury compounds,
especially methylmercury, which are known to

bioaccumulate and biomagnify in the food chain. Black
storks (Ciconia nigra) predominantly consume fish and are
thus at risk for high mercury intake. In this study, we used
eggshells of black storks as a proxy to reconstruct the
concentration levels and distribution of mercury, a well-
known toxic element, in various parts of Latvia. Preliminary
analyses have shown that deposition levels of mercury vary
in different parts of the eggshell. Specifically, the shell and
shell membrane differ in their level of mercury
contamination by an average factor of nine; therefore, we
measured the mercury content in these components
separately whenever possible. We analysed 34 eggshell
samples from nesting sites in Latvia using an atomic
absorption spectrometer with Zeeman correction Lumex
RA-915M and its attachment for pyrolytic combustion. We
found that mercury concentrations varied from 5 to 22 ng/g
in eggshells and from 42 to 293 ng/g in shell membranes. We
discuss possible contamination sources and reasons behind
this disparity.

Keywords - black stork, eggshells, mercury

I. INTRODUCTION

Mercury is one of the most toxic elements affecting
living organisms and the environment. All of its compounds
are deemed toxic, and its organic compounds are generally
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more toxic than its inorganic compounds. Mercury’s
methylation processes occurs in aquatic environments [1] —
[3], resulting in methylmercury, which is highly toxic.
Afterwards, methylmercury enters the food chain through
small organisms, such as algae and plankton, and it
bioaccumulates and biomagnifies, rapidly increasing its
concentration [4].

Because of these biogeochemical processes, even
moderate mercury concentration levels in the surrounding
environment can result in serious toxicity for organisms that
are positioned higher on the food chain, such as large fish,
fish-eating birds, and humans [3], [5]. Birds’ intestines
absorb only a small percentage of inorganic mercury but
almost all organic mercury, and nearly all mercury in fish is
methylmercury [6].

Bird eggs have become a widely used tool for mercury
pollution assessment because utilizing them is non-
invasive, and they are relatively easy to collect [7].
Numerous studies have analysed mercury content in various
egg parts, including the yolk, albumen, membrane, and shell
of many bird species (e.g. [7] -[10]), and have found that the
egg content has considerably higher mercury
concentrations than the egg shells [7], [9]. Several studies
have  established correlation  between  mercury
concentrations in different egg components [7], [10], as
well as in eggs and blood samples [8]. While these findings
cannot be extrapolated to other bird species, as correlations
vary and there is some concern about differences between
methodologies when processing eggshells [10], identifying
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correlations in this area could widen possibilities and
options when working with endangered species.

Measuring mercury from eggshells offers a number of
benefits in comparison with direct measurements of
mercury content in streams, fish ponds and prey items of
storks. Eggshells retain contaminants that are deposited
within them, and thus can be used to trace the contaminant’s
origin. Additionally, eggshells are useful because they do
not require specific storage conditions, can be easily
archived for long periods of time [11], and can be collected
using non-invasive methods. Moreover, using shells of
hatched or failed eggs ensures that no viable eggs are lost.

The black stork (Ciconia nigra) is predominantly a fish-
eating bird and forages primarily in streams, fish ponds, and
similar aquatic environments. They usually lay eggs with an
interval of two days [12]. The time frame between the
arrival of females on the breeding grounds in Latvia and the
laying of their first eggs varies from four to fourteen days
(mean = 7) [13]. Consequently, the contaminants that are
transferred from the mother to her eggs likely represent the
contaminants that are present around the nesting site at the
time of egg laying.

Black storks often remove any eggshells that remain in
the nest after hatching. Less commonly, halved or smashed
egg remains can be found under nests that were depredated
by predators. In both cases, researchers can obtain eggshells
without approaching (i.e. climbing to) the nest itself,
thereby limiting disturbance, which is especially critical for
endangered species such as the black stork [14]. A study by
Cernova revealed unexpectedly high mercury concentration
levels in the blood and livers of juvenile black storks [15],
providing a basis for our study. We aimed to further
investigate contaminants in black storks by testing different
parts of their eggshells for mercury. We analysed various
types of egg remains from black storks in different parts of
Latvia for mercury to determine whether these eggs can be
used to understand mercury pollution levels and reconstruct
contamination history in the area.

II. MATERIAL AND METHODS

A. Eggshells

We used black stork eggshells collected from 2007—
2009 and 2018 for this study. We analysed a total of 34
samples from >30 nesting sites in Latvia. The eggshells that
we collected varied in size, ranging from almost whole eggs
to fragments on the ground under the nest. We placed
eggshells in three categories: (1) halves and "caps"
remaining after hatching, which adult birds often (but not
always) threw out of the nest, (2) remnants of eggs
depredated by predators at different stages of incubation,
and (3) remnants of complete eggs, resulting from conflicts
between storks, that were thrown out of the nest.

When stork conflicts occur, they are typically during the
initial period of incubation [13]. Consequently, eggs thrown
out of nests as a result of such conflicts are mostly fresh or
only partially incubated, and the membrane adheres very
tightly to the shell and is difficult to separate. In the case of
hatched eggs, remaining membrane fragments usually
separate on their own. This likely results from processes
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during incubation in which the egg shell becomes thinner
and more fragile as the growing chick uses calcium from
the shell to form its skeleton [16]. Damage from predators
can occur at any stage of the incubation period. Camera
traps documented predation on days 9 and 27 after the first
egg was laid (by pine martens) and on days 10, 14 and 18
(by white-tailed sea eagles). Incubating one egg takes an
average of 32 days [13].

B.  Eggshell collection and preparation

We collected eggshells in almost all regions of Latvia
(Fig. 1). We immediately labelled all eggshell samples with
a nest number and described the shell characteristics. We
also tried to determine the hatching status for each eggshell
(hatched, unhatched or unknown; Table 1). Afterwards, we
air-dried eggshells and cleaned larger pieces with a soft
brush as thoroughly as possible to remove any debris.

TABLE 1 NUMBER OF EGGSHELLS BY HATCHING STATUS

Hatched | Possibly hatched | Unhatched
3 9 8

Unknown
14

Prior to taking measurements, we separated the inner
membrane from the eggshell when possible. Otherwise, we
used samples mixed with both inner membrane and
eggshell. To homogenize the samples, we crushed the shells
using a mortar and pestle.
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Fig. 1 Distribution of analyzed samples (only mixed samples
shown) in the territory of Latvia. Size of the points is depicted in five
classes according to natural breaks (jenks) of data: 1) 8-14, 2) 14-20,
3) 20-29, 4) 29-39, 5) 39-60. If a nest had more than one sample (i.e.
# 18), we displayed the largest value. See Table 2 for sample numbers.

C. Mercury measurements

We  performed total mercury concentration
measurements using an atomic absorption spectrometer
with Zeeman correction LUMEX RA-915M and its
attachment for pyrolytic analysis PYRO-915+. The
threshold of detection was approximately 2 ng/g for our
chosen setup and sample type [17].

To conduct measurements, we first weighed the sample,
followed by thermal decomposition occurring inside
atomizer PYRO-915+. Subsequently, we measured the
absorption of the mercury 254 nm resonance radiation and
calculated its concentration. Pyrolytic combustion allows
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direct measurements without specific pretreatment
procedures, diminishing possible sample contamination and
providing almost instant results.

We calibrated the spectrometer and periodically tested
it using a certified reference material of mussel tissue —
ERM-278k (by the European Commision Joint Research
Centre). We used chicken eggshells, which we previously
confirmed to be sufficiently mercury free (rendering
mercury concentration below threshold of detection, close
to 0 ng/g), as blank samples, as well as to test the
equipment’s cleanliness. The average measured sample size
was 50-100 mg dry weight (d.w.) for eggshells and mixed
samples and 20-30mg d.w. for inner membranes. We
repeated measurements for each sample 5 times on average
and calculated the standard deviation.

III. RESULTS AND DISCUSSION

A. Results

We separated all measurements into three groups —
eggshells, membranes, and mixed samples; the latter group
was the largest. Since we only collected hatched or failed
eggs, and often crushed eggshell parts, the quality of the
available samples differed. All of our samples were at or
higher than the mercury detection limit (Table 2, sample
name indicates the nest number and year when the collected
egg was laid).

As expected, eggshells had the lowest mercury
concentrations, ranging from 6 to 22 ng/g. Inner membranes
contained more mercury, with the lowest concentration we
recorded at 42 ng/g, but results varied among nesting sites.
Typically, concentrations were over 100 ng/g, ranging up to
300 ng/g.

In cases where both eggshells and membranes were
available for analyses, membranes contained much more
mercury than the eggshell itself (Fig 2). Samples had an
average ratio of mercury in the membrane to mercury in the
eggshell of 9:1, with results ranging from ratios of 5:1 to
13:1.

B. Discussion

All of our samples contained a detectable amount of
mercury, but there was a large degree of variation in the
amount of mercury in each sample. We were unable to
determine the hatching status (i.e. hatched or not hatched)
of our samples with certainty (Table 1), making our results
more difficult to interpret. We could only determine the
origin of eggshells if there was a camera trap at the nest
documenting the hatching process. Strazds and Kuze began
using camera traps at black stork nests in 2011 and initially
only a tracked a few nests per year [18] Even if juveniles
are present in a nest and it appears to be successful, shells
on the ground do not necessarily mean that an egg has
hatched because a stork conflict may have occurred in
spring, resulting in the first clutch being thrown out of the
nest and shell pieces remaining on the ground [13]. An
additional problem may be that carnivores can destroy the
eggs at different stages of incubation. It is unknown whether
the membrane separates easily only from hatched eggs, or
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if this also occurs when an embryo is eaten during the late
stage of development (i.e. shortly before hatching), and if
so, how long before hatching.

TABLE 2 MERCURY CONCENTRATIONS IN EGGSHELL SAMPLES.

Year Sample Concentration, ng/g N’ in
name Eggshells | Membranes| Mixed | ™MAaP
2007 |064502-07 160+10 16+1 9
173401-07 221 20+3 2
623303-07 35+4 13
672503-07 8+l 85+7 1241 14
752622-07 138 1643 15
2008 |104501-08 1542 1
272401-08 211£8 25+4 5
532304-08 11+1 101£13
553630-08 1246 10
622701-08 6012 12
781601-08 29+1 17
2009 |182901-09 236+4 33+4 3
183501-09 12+1 58+12
292952-09 22+1 293+30 37+8 6
553630-09 9+1 56+17
622606-09 3942 11
631702-09 22+4 200+£30
750601-09 14+4 18
873802-08 19+4 16
2018 |103704-18 143+56
173402-17 17+1
182902-18 107+39
242002-18 28+2 4
262201-18 9+1 79+11
452801-18 27+7 7
492801-18 12+2 128+36
505203-18 11+4 8
562104-17 7£2
644185-18 123+13
750601-18.1 10+2 18
750601-18.2 1243 18
804402-18 7+1
831703-17 90+24
881102-18 6+2 51+11 19

It is also unknown which processes affect the separation
of the membrane in non-productive (addled) eggs. Strazds
et al. determined the amount of DDT in eggs [19] and found
that in some, eggs membranes detached very easily in some
but were inseparable in others. Camera trap and webcam
data show that adult birds may accidentally squash addled
eggs that have remained in the nest and discard them
afterwards [13]. As a result, remains of unhatched eggshells
may be present under successful nests. Thus, undocumented
findings from previous years must be treated with caution,
regardless of how they were labelled at the time of
collection. Further analysis of the amount of mercury in egg
membranes that may have been deposited from the embryo
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during egg development should only be performed on
eggshells/ membranes whose status is known with
certainty.

Mixed samples contain an unspecified amount of
eggshell and membrane stuck together, so their respective
contributions to the final concentration cannot be
determined. Thus, mixed samples give less precise results
and are difficult to use. This explains why mercury values
in mixed samples are lower than those of membranes and
higher than for eggshells. Nevertheless, mixed samples give
some indication of pollution levels if no other data are
available.

There are several possible explanations for the
difference in mercury concentrations between eggshells and
membranes. First, the difference could be purely chemical.
Membranes are organic in nature, consisting mostly of
elastin-like protein surrounded by muccopolysaccaride
mantle. Conversely, eggshells are predominantly inorganic,
and their organic compound, a polysaccharide complex
with calcium binding properties, is distributed across the
shell unevenly [19]. Thus, the organic matrix may be more
prone to bonding mercury compounds. Alternatively, the
difference in concentrations could result from the
physiology of egg formation. Bird eggs swell in utero of the
female prior to the process of eggshell mineralization [19].
The location of “initial mercury” in the female body may
also play some role if contaminants are deposited in the
organs where organic egg content is formatted, but not the
eggshells.

Among samples analysed thus far, nests in some regions
of Latvia are under-represented (Zemgale, S¢lija) or are not
represented at all (south-west Kurzeme; Fig. 1), though
samples have been collected from nests there. Therefore, we
cannot yet adequately draw conclusions about the
prevalence of mercury pollution in the country. However,
our results indicate some, although not very high, presence
of mercury in the surrounding environment.
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Fig. 2 Comparison of mercury concentration in eggshells (darker bars
to the left) and membranes (lighter bars to the right) in 8 samples for
which we successfully separated membranes from eggshells. The
secondary Y-axis shows the mercury concentration ratio of
membranes to eggshells (dark bullets).
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Possible local sources of mercury include
anthropogenic activity such as peat extraction [21], forestry
[22], cement production [23], illegal dumps and waste
incineration (van Veizen et al., 2002 [24], Bogans [25], and
historical presence of military forces from World War I and
II [26]. Possible natural sources of mercury include beaver
ponds [26]. There are several peat bogs near the nests with
the highest mercury concentrations, and an ex-military base
is situated near No. 5 (see Fig.1). These potential mercury
sources could influence the varying mercury concentration
levels that we exhibited in different nests. Peterson et al.
found that eggshells of older embryos had less mercury,
which they speculated was influenced by changes in the
shell matrix during embryo growth [10]. This is a possible
factor explaining our results for addled eggs. Another
possible source of contamination is connected with female
choice of wintering locations and/or staging grounds on the
way back to the breeding grounds. In this case, mercury
might be “imported” from another country. While existing
data does not allow us estimate of mercury contamination
trends over time, we plan to continue our ongoing study to
expand our dataset, which is now incomplete for most
years.

IV. CONCLUSIONS

Our preliminary results reveal that concentrations in
various eggshell parts, specifically the eggshell and inner
membrane, differ by a ratio of 1:9. Interpreting our results
is difficult because of many unknowns, such as whether or
not eggs were hatched and what factors affect membrane
separability from eggshells. Eggshells are a potential
material to use for mercury contamination assessments, but
more data are required to study how spatial and temporal
components influence mercury accumulation in eggshells.
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ABSTRACT

High-frequency electrodeless light sources are known as bright radiators with the line spectrum, characterized by high
intensities and narrow line shapes. The lamp balloons are mostly made of quartz and filled with a metal and buffer gas.
These light sources must be optimized for each application in accordance with the specific requirements of radiation
quality, lifetime, and stability. This work is devoted to the diagnostic of high-frequency electrodeless light sources for
their use in high precision atomic absorption analyzers and other applications like disinfection. The spectral line
intensities and profiles were studied in discharges with arsenic and thallium fillings. Special attention is devoted to the
UV lines of 193.7 nm and 197.2 nm of As and 377.6 nm of TI spectral lines. The intensities and profiles were measured
by means of a Fourier transform spectrometer. The deconvolution procedure was implemented to obtain the real form of
emitted profiles for further analysis. The integrated areas, values of self-absorption, and other parameters were obtained
and compared for both fillings as a function of working regimes.

Keywords: HFEDL, arsenic, thallium, Zeeman absorption spectroscopy, ill posed problems, deconvolution, Tikhonov
regularization, detection of pollutions of environment, spectral line shapes, intensities, UV light source for
disinfection

1. INTRODUCTION

Nowadays, there is an increasing necessity to determine the concentration of different substances in the environment in
low concentrations, as more and more attention is paid to environmental pollution. Arsenic and thallium are toxic
microelements that are everywhere - in rocks, in soil, in water, in air. Arsenic enters the environment because of natural
processes and human activities!2. It is toxic if taken at higher doses and can cause various health problems, including
skin lesions, cancer, cardiovascular disease and diabetes. Arsenic also affects the development of embryos and infants.

Different methods and devices for the detection of contamination are being created, the studies about the influence of
various chemical compounds and substances on human and animal health have been carried out. At the same time, more
stringent requirements are set for acceptable concentrations of different compounds in the air, food, water and soil.
Compliance requires more precise and convenient devices for detecting different compounds.

Atomic absorption spectrometry with Zeeman polarization modulation background correction (ZAAS) is a very sensitive
AAS method with most exceptional detection limits with digestion-free techniques®.

The most important component of an atomic absorption spectrometer is the light source. Usually, hollow cathode lamps
(HCLs) are used as the necessary sources of spectral line emission. The sensitivity and accuracy of AAS measurements
are mainly determined by the intensity of the spectral line and the narrow line profile. However, HCLs are by no means
ideal light source for AAS, they cannot be made up of all elements, is low in intensity and limited in lifetime due to
degradation of cathode. For thallium and arsenic, the HCLs are of very low quality and short working life. Their intensity
and other properties are not sufficiently good for atomic absorption spectrometry. Also advanced HCLs are expensive

*natalja.zorina@lu.lv; https://www.asi.lu.lv/en/labs/laboratory-of-high-resolution-spectroscopy-and-light-source-
technology/
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and require a sophisticated power supply. In recent times, high-frequency electrodeless lamps (HFEDLSs) are increasingly
being used instead of HCLs. Unlike HCLs, HFEDLs work with external electrodes that are not into contact with the filler
substance and, therefore, their life and intensity is much higher than for HCLs. In our laboratory, we have long
experience in producing HFEDLs with different fillings for different applications, especially where bright UV radiation
is needed like disinfection of air. After first experience, detection limits for our HFEDLSs are about 1.5 to 8 times better
than hollow cathode tubes, making them potentially better light sources for use in various types of absorption devices®.

In this paper, we present the results of measured relative intensities and profiles of selected spectral lines of As and T1 for
the HFEDLSs, fabricated in our laboratory. For their use in Zeeman atomic absorption spectrometers, it is necessary to
know the real spectral shape of the emission lines so we made also deconvolution of the experimental lines using the
method with Tikhonov’s regularization.

2. EXPERIMENT

For this study, special design light sources were manufactured at our laboratory, filled with As, T1 and Ar as a buffer gas.
The example of As lamp can be seen below [Fig.1].

Figure 1. HFEDL filled with arsenic

Pressure of argon was about 3 Torr. The plasma was excited by placing lamp in electromagnetic field of 100MHz
frequency. Lamps were operated 1) with excitation generator power values between 21W and 31 W (Tl lamp) and 2) at
excitation generator power values from 5 W till 10 W (As lamp) . Typical absolute intensities of the spectral lines are in
the range*: 6x10'? - 2x 10'3 photons/s/cm?.

The spectral line profile and intensity registration was performed using Fourier Transform spectrometer Bruker IFS-
125HR (spectral resolution 0.015 cm™).

3. THEORETICAL BACKGROUND

Since spectral measurements are distorted by a spectrometer, the detected spectral line profile f{X) represents the
superposition of real profile y(s) and instrument function 4(,s).

J.A(x, s)(s)ds = f(x), c<x<d, )

where: a, band ¢, d the limits of the real and measured (experimental) profiles accordingly.
It is necessary to separate (deconvolute) the instrument function from the real profile of the emitted spectral line. Since it
is a complicated task, sometimes the instrumental function is neglected. It can be done if the width of the instrumental
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function is much smaller than the real spectral line shape what in general is true in high temperature and dense plasmas.
However, in the case of low —pressure or cold plasma, the instrumental function is on the same order that experimental
profile and it has to be taken into account. The instrumental function can distort the real spectral line shape significantly,
for example, it changes the width of the spectral line that leads to the uncertainties in the determination of such important
plasma parameters like temperature®. The instrumental function can conceal a detailed structure of the spectral line, like
the dip in the line center caused by the self-absorption (self-reversal) and characterizing the radiation trapping.

The task of obtaining the real spectral line profile is known in spectroscopy as ill posed inverse problem. Since a direct
solution of this task is impossible, specific methods have to be developed for obtaining the real profile of a line.

We applied an advanced model for the deconvolution of the real profile of the measured spectral lines by applying
Tikhonov regularizing algorithm which is one of the most efficient methods to solve the ill-posed inverse tasks®’*.
Taking into account the realization time, stability and accuracy of the solution, the quantity of additional information,
we can see that the Tikhonov regularization method is one of the more effective methods. Using a minimum of a priori
required information, we get the stable, accurate solution of the inverse ill-posed task. Choosing the regularization
parameter is the main difficulty of the regularization methods applying in practice.

For the real spectral line calculations, in this research the regularization parameter was obtained by means of discrepancy
minimization and the instrumental function was approximated® by the Lorenz function with the FWHM of 0.03 cm™.

4. RESULTS AND DISCUSSION
4.1 Aslamps

On the Fig.2 we can see measured arsenic 193.7 nm and 197.2 nm spectral lines relative intensities changes with
excitation generator power values from 5W to 10 W. It was observed that when increasing excitation generator power up
to 8 W, relative intensities of 193.7 nm and 197.2 nm arsenic spectral lines are increasing.

—=—193.7nm
—=—197.2nm

25

N
o
1

Intensity, rel.un.
>
1

o
1

0 T T T T T T
5 6 7 8 9 10

Power, W

Figure 2. Arsenic spectral line relative intensity changes with excitation generator power values from SW to 10 W

The example of comparison of measured and deconvoluted As 197.2 nm lines can be seen on Figs.3-4.
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Figure 3. Comparison of measured and deconvoluted 197.2nm As lines at excitation generator power values 5.2W
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Figure 4. Comparison of measured and deconvoluted 197.2nm As lines at excitation generator power values 9.75W

As we can see, the measured lines are broader, and value of self absorption is smaller (excitation generator power values
9.75W) or covered (excitation generator power values 5.2W).

The dependence of the forms of deconvoluted As 197.2 nm lines on power is showed on Fig.5.
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0.2

Figure 5. The dependence of the forms of deconvoluted As 197.2 nm lines on power

The center of the spectral line profile is the most interesting part for the deconvoluted spectral line for AAA. The
instrumental function can conceal detailed structure of the spectral line, like the dip in the line center caused by the self-
absorption (self-reversal). Analysis of deconvoluted As lines shows that the mean value of Imax/Io is bigger in compare
with measured ones. It means, that the self-absorption is bigger in profiles, obtained from solution ill-posed inverse task
(Figs.6-7). The I, is the intensity of the spectral line profile at the center of the line; Imax is the intensity at the line

maximum.

Figure 6. The obtained qualitative self- absorption of As 197.2 nm spectral line dependence on the excitation generator power for
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Figure 7. The obtained qualitative self- absorption of As 197.2 nm spectral line dependence on the excitation generator power for
measured and calculated profiles

On the Figs.8-9 we can see the comparison of integrated areas of measured and calculated (after deconvolution
procedure implementation) profiles of arsenic 193.7 nm and 197.2 nm spectral lines, accordingly. As can be seen values
of integrated areas of calculated profiles are smaller than measured ones. This shows that instrumental function changes
the width of the spectral line.

—=— measured
—e— calculated

193.7nm =

0.30 4 _—
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0.28
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Figure 8. The comparison of normalised integrated areas of measured and calculated profiles of As 193.7 nm on dependence of power.
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Figure 9. The comparison of normalised integrated areas of measured and calculated profiles of As 193.7 nm on dependence of power.

The appearance of the self-absorption in the light source increases the broadening of the spectral line. That is why
integrated area is slowly decreasing at around 9W.

4.2 Tl lamps

On the Fig.10 we can see thallium 377.6 nm spectral lines forms and relative intensities changes with excitation
generator power values from 12W to 24 W.

— 12.9W
700 4 Tl measured profiles 1;?&
600 —— 20.16W
] 23.26W
500 4
4001
c
< ]
B 300+
= ]
@ 200
[
Q 4
= 100 )
.
0 L — .
-100

T T T T T T 1
377.668 377.669 377.670 377.671 377.672 377.673 377.674
Wavelength, nm

Figure 10. Thallium spectral line form relative intensity changes with excitation generator power values from 12W to 24 W

The example of measured and deconvoluted T1 377.6 nm spectral lines is showed below Fig.11. The excitation generator
power value is 17.7W.
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As we can see, the same as in case of As lines, the measured T1 lines are broader than the deconvoluted ones. The self-
absorption just starts to occur in case of measured profile and it can be clearly seen after deconvolution procedure.
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0.0

0.6

0.4 -

.04

—— measured (Power 17.7W)
— 'real' by solution (Power 17.7W)

T
377.667

T T T
377.670  377.673  377.676

Wavelength, nm

T 1
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Figure 11. Comparison of measured and deconvoluted TI lines at excitation generator power values 17.7W

On the Fig.12 we can see the comparison of integrated areas of measured and calculated (after deconvolution procedure
implementation) profiles of thallium 377.6 nm spectral lines.
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Figure 12. The comparison of integrated areas of measured and calculated profiles of T1 377.6nm on dependence of power

The same as in case of As lines - the values of integrated areas of calculated profiles are smaller than measured ones.
This is due to the instrument function. It seriously impacts on the further analysis and plasma parameters obtaining.

5. SUMMARY

In this work we investigated spectral line shapes and intensities of As and TI high-frequency electrodeless light sources,
manufactured in our laboratory, in dependence on the excitation power. Experimental real spectral line shapes were
obtained using the Tikhonov’s regularization method.
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For As light sources, we observed that the intensities for UV 193,7 nm and 197,2 nm lines increases by increasing the
excitation power despite the effect of self-absorption.

In cases when the self-absorption just starts to occur, it can be masked by the instrument function, leading to the
appearance of seemingly non-reabsorbed profile, however after the deconvolution procedure it can be seen that self-
absorption has distorted the profile. Applying the described approach will allow to establish the optimal manufacturing
conditions and operation regimes of high-frequency electrodeless discharge lamps filled with a particular element.

This work results show that the instrumental function covers detailed structure, it changes the width of the spectral line
and it can’t be neglected in case of low temperature plasma.

These effects have to be taken in account when determining optimal working parameters for HFEDLs usage in atomic
absorption spectrometers and also for As UV light using for disinfection of air
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Abstract. In this paper, we present a study of broadening of thallium emission spectral line
shapes in the T1-Hg discharge. The spectral lines were emitted from high frequency electrodeless
lamps, containing Tl, Hg, Ar mixtures and measured by means of Fourier transform
spectrometer. The deconvolution procedure, by means of ill posed inverse task solution, was
performed to obtain the real (without instrumental function) profiles for further analyze. The
solution was implemented using Tikhonov regularization algorithm. The T1276.8 nm, 351.9 nm,
352.9 nm spectral lines were analyzed in detail in dependence on the discharge power. The
additional broadening of T1 276.8 nm and 351.9 nm lines were observed due to the excitation
transfer in collisions of ground state T1 atoms with excited Hg atoms.

1. Introduction
An electrodeless lamp (EDL) consists of a quartz bulb filled with an inert gas, typically argon gas, at
low pressure and the element or a salt of the element for which the lamp is to be used. The bulb is
inserted into a coil that is generating an electromagnetic high frequency (HF) field, resulting in a low-
pressure inductively coupled discharge in the lamp. HFEDLs are known to be bright radiators with the
line spectrum characterized by high intensities and narrow line shapes. Detection limits in graphite
furnace Atomic Absorption Spectrometry with HFEDLs were better by a factor of 1.5—-8 depending on
the element in comparison with the hollow cathode lamps. If isotope enriched HFEDLSs are used, spectral
line widths are found to be several times narrower giving an increase in AAS sensitivity by factors of
1.5-3.2 [1]. Emitting spectral line shape measurement and modelling for plasma diagnostics was made
[2]. If lamps are filled not only with one working element but with several metals or working elements,
lamps are called multi-element HFEDLSs. In the multi-element HFEDLSs, two or more working elements
are alloying without overlapping emitting spectra. Multi—element HFEDLs are promising since they
provide advantages of cost and speed for atomic absorption analysis. However the interactions between
elements, in this case, thallium and mercury, have to be investigated to optimize the filling and working
conditions. One of the possible interactions in the Hg-T1 HFEDLSs could be energy transfer, observed in
the metal vapors.

The first observation of energy transfer between mercury and thallium was made by Cario and Franck
in their classical experiments on sensitized fluorescence of metal atoms in the vapor phase [3]. A mixture

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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of mercury and thallium vapor, when irradiated with the light of the mercury resonance line, shows the
emission spectra of both atoms. Thallium atoms do not absorb the exciting light thus they can get excited
only by an excitation transfer from mercury atoms [3]. Earlier, in our laboratory, the sensitized
fluorescence was investigated and the broadening of TI lines shapes was observed in mercury-thallium
vapor [4]. More recent spectroscopic studies of Tl containing high frequency electrodeless lamps and
the discharge plasma temperature measurement were made in [5,6]. However, the spectral line shape
broadening was not studied in this work.

In this paper we present the results of an investigation and diagnostics of high-frequency
electrodeless discharge lamps, containing Hg and T1 (enriched with T1-205 isotope), developed in our
laboratories as light sources for their use in atomic absorption spectrometry (AAS). The spectral
diagnostics include line intensity and spectral line shape measurements and modelling [7]. To study the
possible Tl spectral line broadening due to the energy transfer effect between Hg-T1 atoms, the spectral
line shapes were measured and deconvoluted [in detail [8,9]] from the instrumental function, allowing
getting the real spectral lines.

2. Experiment
For this study, the lamp was prepared, filled with thallium isotope: TI**[+Hg+Ar. The buffer gas was
argon with the pressure of about 3 Torr. The plasma was excited by placing the lamp in the
electromagnetic field of 100 MHz frequency. Lamps were operated at the excitation generator power
values from 13 W to 24 W. The spectral line profiles were recorded using a Bruker IFS-125HR Fourier
Transform Spectrometer. For the real spectral line calculations, the instrumental function was
approximated by the Lorenz function with the full widths at half maximum (FWHM) of 0.03 cm™.

The deconvolution procedure of the measured profiles was implemented. The profile obtained by
convolution is compared with the measured profile in figure 1(a).

—s— experimental13.7W_352.9nm ——276.8_1peak
—e—real from solution(discr.min.met) ——352.9nm

4 —351
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Figure 1. (a) A comparison between the measured (red line) profile and the profile, obtained by means
of the ill posed inverse task solution. (b) The estimated FWHM, depending on power, for thallium 352.9
nm, 351.9 nm and 276.8 nm spectral lines .

In figure 1(b) we can see the thallium spectral line FWHM, depending on power, for the 352.9 nm,
351.9 nm, 276.8 nm lines. To obtain the FWHM, the real spectral line profiles were used after
deconvolution procedure. The temperature of plasma, obtained from the FWHM of the Doppler
broadening of Ar lines, is 1115 K. According to our previous measurements, the electron density of
plasma is about 102 m™[10].

3. Results and discussion

Analysis of the 351.9 nm (6Ds»-6°P3») and 276.8 nm (62D3»-6°P1) spectral line profiles in
dependence on power showed that these lines are broader than 352.9 nm (6°D3»-6°P32) line. The
simplified diagram of the energy levels of thallium can be seen in figure 2 [11]. The additional
broadening indicates that there is an energy transfer process from the excited mercury atoms
(Hg*(6°Py,1)) to thallium atoms in ground state like (see figure 2):
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Hg*(63Py1) + T1(63P3/;) » Hg(6'Sy) + TU* (6°Ds/,) + AE, (1)
where AE is the kinetic energy difference.

The kinetic energy difference AE gives rise of the observable broadening of the spectral line shape.
Similar excitation takes place also for the level TI*(6°D32) but because this level is connected with the
Tl ground state via resonance transition (276.8 nm, 6°D3»-6°P112), radiative relaxation and subsequent
re-absorption takes place and the additional broadening of the line 352.9 nm (6°D35-67P32) was not
observed.

eV

6 -

Figure. 2 The simplified diagram of energy level for thallium
with a couple of important mercury energy levels marked.

This result proves that also in the HFELDs plasma similar process takes place like observed earlier in
metal vapours for thallium spectral line broadenings [12]. When an excited mercury atom collides with
an thallium atom in its ground state, the part of the excitation energy can be transferred into kinetic
energy or internal energy of thallium, which leads to the broadening of the spectral line. The elaboration
of a detailed theoretical model will be the next step of our work.

Conclusions

In our study of the Tl and Hg high frequency discharge plasma we observed an additional broadening
of the Tl 276.8 nm and 351.9 nm lines due to the excitation transfer from the excited Hg atoms in
collisions with the ground state Tl atoms. This effect is similar as observed earlier in vapour phase
fluorescence experiments without discharge plasma. This effect has been taken into account in the case
of preparing multi-element HFEDLs for atomic absorption spectrometry.
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Abstract

Toxicity of mercury and its compounds is well known, and they are considered
as substances of heightened concern. Though mercury is to some extent released
into the environment by natural processes such as volcanic eruptions, additional
releases from anthropogenic sources have increased the environmental exposure
and deposition significantly. There are many commonly used items containing
mercury, for instance, mercury light bulbs, switches, and mercury thermometers,
the disposal of which into trashcans can cause an increase of mercury
concentration in the air of the local area. The paper reports mercury pollution
surveys performed in several districts of Riga (the capital of Latvia). Using an
RA 915+ Zeeman atomic absorption spectrometer, the concentration of mercury
was measured in the air above objects of interest. The measurements mainly
made from driving a car equipped with a GPS receiver have allowed the
assignment of Hg concentration to a particular place to provide a digitised
pollution database in geographic coordinates at different times. Results of the
surveys show the background concentration of atmospheric mercury in Riga
generally did not exceed 5 ng/m’® while some places of increased mercury
pollution need particular attention and clean-up. Examples of such surveys are
shown.
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1 Introduction

Mercury is a naturally available element, unique for its property to be the only
liquid metal at room temperature. In nature it is normally found in a bound state as a
part of minerals, e.g., in cinnabar. If those minerals are processed or otherwise
destroyed, mercury is released into free circulation being dispersed through
atmosphere, water and soil.

To some extent the release of mercury into environment is caused by natural
processes such as volcanic eruptions. At the same time, due to its specific prop-
erties, mercury has been mined and is widely used by humans in industrial
processes, medicine, etc., and allowed to spread with the products produced or as a
by-product. Other human activities, like burning fossil fuels, also releases mercury,
and presently such anthropogenic sources account for a significant share of
increased environmental exposure and deposition (Hylander and Meili 2003;
Lindberg et al. 2007).

Still, there is no essential biological function known to be performed by
mercury, while mercury and its compounds are highly toxic and dangerous to
human health for which reason a growing international effort is taken to limit the
use of mercury and to stop the spread of mercury pollution. Part of such effort is the
European Community Strategy Concerning Mercury (2010).

When significant anthropogenic sources of mercury are considered, a number of
mercury uses are mentioned most often. Mercury pollution is still important in
mercury mining regions, e.g., Almaden (Millan et al. 2006), Idrija (Kotnik et al.
2005), Guizhou (Qiu et al. 2006). Though intended to be phased-out, chlor-alkali
process in some places is still in use for alkali production (Hylander and Meili 2003).
Artisanal gold mining is a hard-to-replace economical factor in poor countries (Veiga
et al. 2000). If previously mentioned uses are specific to particular locations and
regions, consumption of fossil fuels—petrol and coal, is a wide-spread cause of
anthropogenic mercury release all over the world (Sznopek and Goonan 2000).

In 2011 37 % of electricity in Latvia was produced by power plants using fossil
fuels (Latvijas Statistika 2013)—but they are not of a significant size at the global
scale and the major share of energy in Latvia is still being produced from renewable
sources. There are no large industrial facilities that would use mercury in some form
as a material or consumable. So, one might ask the question—what is the situation
in Riga? Is mercury of concern in Latvia at all?

The paper provides information about a number of mercury monitoring efforts in
Riga, the capital city of Latvia.

2 Experimental
An RA 915+ atomic absorption spectrometer employing Zeeman Effect and high-

frequency modulation of light polarization to correct for background signal and to
prevent undesired interferences was exploited for the surveys of mercury pollution.
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The mercury 254 nm resonance band from a mercury light bulb placed into strong
permanent magnetic field is split up into three differently polarized components
(m, 6—, and o+, respectively). With the = component being discarded, the 6— and o+
beams of different but close wavelengths, one of which coinciding with the natural
mercury absorption maximum, while the other being just off the normal mercury
absorption curve, propagate along the same optical path. The difference between
signal intensities from the two is measured by switching polarization. In absence of
mercury in the analytical cell, intensities of both ¢ components are equal; when
absorbing atoms appear in the cell, the difference between the intensities of the o
components increases with the mercury concentration. The device has been featured
in several articles, e.g. Sholupov et al. (2010), and the method is approved by the
European Standard 15852 (2010).
Important characteristics of the equipment include:

e High sensitivity with the mercury detection limit in air being between 1 and
2 ng/m>.

e The ability to perform measurements in real-time right at the place of interest
and the readout of measurements occurs each second.

e Portability, thus allowing measurements of mercury concentration to take place
in the field without the need of pre-concentration or sample collection for later
processing in lab—the analyser of dimensions of 460 x 210 x 110 mm itself
weighs only 7.5 kg and can be carried in a haversack during the measurement
process. Apart from using the standard 50/60 Hz AC outlet of 220/110 V it can
be powered from a built-in 10/14 V DC source.

Though the equipment is suitable for completely portable hand-held use, the
monitoring was often made driving a car to cover a wider area. In such cases, the
coordinates of the particular location were registered by a Magellan Meridian Color
or Magellan eXplorist GPS receiver and processed together with mercury
concentrations as arrays of value-time data on a connected PC.

A custom-built inlet was placed in the side window of the car for monitoring
mercury while driving the roadside air sampling being taken about 1.5 m above the
ground. When measuring mercury on a pedestrian walk, the air was sampled at the
height of about 0.7 m above the ground, and for specific objects—right above the
area of interest within the distance of 2-5 cm.

The accuracy of measured mercury concentration depends on the on-site weather
conditions, potentially showing diminished values due to dispersal by wind, and
with detection boundary of the analyser set to the lowest limit of 1-2 ng/m>. The
accuracy of geographical location determined by the limitations of the GPS
receivers was said to be within +=(3-10) m.

The visualisation of mercury concentration maps, where appropriate, was per-
formed using the on-line service of GPSVisualizer.com (http://www.gpsvisualizer.
com/map_input?form=data), which in turn relies on Google maps functionality.
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Fig. 1 Mercury concentrations in Riga city centre (May 25, 2011, from drive-by car)

3 Background Air Concentration of Mercury in Riga

The numerous drive-around measurement sessions during 2005-2012 cover dif-
ferent seasons, weather conditions, and times of the day. Whilst the assembled
dataset is not sufficient to provide a systematic view on temporal variations of
mercury background concentration, it is nevertheless extensive enough for an
estimate of the average overall mercury background concentration of 2—5 ng/m>.
The value is slightly higher than the overall background value of the Northern
hemisphere (Lindberg et al. 2007), but quite reasonable for urban area. Locations
where the values significantly reach out of that range can be considered as local
pollution spots. An example of mapped concentrations in the central part of Riga is
given in Fig. 1.

4 Detected Mercury Spills

Two spills of significant amounts of mercury in Riga have been detected and
monitored.

On the 17th of June, 2005, the Leta news agency reported that 0.5 kg of liquid
mercury had been scattered between living blocks on Spilves street over an area of
around 30 m?, the clean-up was ongoing at the time (Leta 2005). A drive-by
measurement of mercury concentration was made after 3 days. The site was
approached at a distance of up to approximately 10 m; because of high concen-
trations, no attempts to walk closer were made. Results are presented in Fig. 2.
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Fig. 2 Mercury 16000
concentrations in air on
Spilves street (June 20, 2005,
car drive-by only, no on-site
walk)
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The fluctuations of values measured in open space are caused by wind dispersing
the mercury vapour, the maximum registered concentration being almost
15,000 ng/m>. After 1.5 months, on the 2nd of August, 2005, the mercury
concentration having diminished though, still reached peaks over 2800 ng/m”.
The mercury was observed being spread over surrounding footpaths in a star-like
pattern by pedestrians crossing the spill area. Mercury concentrations exceeding
400 ng/m> were still found by measurements made on the 11th of April, 2006,
10 months after the spill. Measurements at the site were continued on a semi-regular
basis throughout the following years providing a chart of maximum registered
concentrations shown in Fig. 3 (Bogans et al. 2011). The authors supposed that
after 6 years, the mercury spill would have evaporated, and the concentrations
would have returned to background levels. However, the measurements of the 2nd
of May 2012 (Fig. 4) still show mercury evaporating. Apart from the amount of
mercury evaporated in the ambient air around the spill site, some mercury had
accumulated in the nearby wastewater manhole. As shown in Fig. 5, evaporation in
a closed space creates significant mercury concentrations therein.

Another significant spill in Riga known to the authors occurred on Gobas Street.
On the 25th of April, 2012, the BNS agency reported approximately 0.5 1 of liquid
mercury having been spilled the day before near a bus stop (BNS 2012). A survey
of the situation was made after 8 days. Results obtained from driving the car are
presented in Fig. 6, with the maximum registered concentration being 354 ng/m>.

Fig. 3 Evolution of the 100000
registered Hg concentration
maximums in air at Spilves
street spill site
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Fig. 4 Mercury concentration in air on Spilves street (May 2, 2012, on-site walk)
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Fig. 5 Registered Hg maximum concentrations in air of wastewater manhole at Spilves street spill
site
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Fig. 6 Map-projected mercury concentration in air on Gobas street (May 2, 2012, registered from
drive-by car)
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Fig. 7 Mercury 1200
concentration in air on Gobas
street (May 2, 2012, walk
over the street)
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Investigating the site on foot revealed concentrations over 1100 ng/m’ (Fig. 7).
Nevertheless, despite the larger spill, even taking into account the time passed since
the incident, the site was much cleaner compared with that on the Spilves Street,
possibly due to specifics of the location—asphalted road surface instead of vege-
tation-covered soil.

5 Locations of Minor Mercury Pollution

Mercury spills such as the ones on Spilves and Gobas streets are not frequent; only
small spots of somewhat higher mercury concentrations are usually found. Judging
from the location and size of the contaminated area, they are mostly related to

Fig. 8 Slightly increased Hg concentrations on the intersection of Tvaika and Aptiekas streets
(February 7, 2011, from drive-by car)—left, and mercury pollution on Eksporta street (May 25,
2011, from drive-by car)—right
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disposal of some mercury-containing waste. Examples of such places are shown in
Fig. 8. Mercury being either scattered over some area (as in the case of Tvaika-
Aptiekas intersection), or mixed with soil (e.g., on Exporta Street), the walk-around
surveys of such sites usually do not provide much information about causes of the
pollution.

6 Mercury in Waste

Many of the commonly used objects contain mercury, for instance, mercury lamps,
switches, and mercury thermometers. Disposed objects are usually thrown into
trashcans, that in turn go to landfill.

An investigation of waste delivered to landfills was made by measuring mercury
concentration in air over arriving trucks transporting waste. Increased mercury
concentrations were detected in one out of every 5 or 6 trucks (Gavare et al. 2007).

Medical services, especially dentistry (Shraim et al. 2011), are still widely using
mercury. Accordingly, mercury is detected in medical waste. Measurements over
trash cans around dentistry institutions have been presented by Bogans et al. (2006).
Hopefully the situation now is changing for the better—Latvia participated in the
recently finished UNDP project “Demonstrating and promoting best techniques and
practices for reducing health-care waste to avoid environmental releases of dioxins
and mercury”, providing guidelines for handling dangerous waste and trying to
raise the awareness of pollution to medical personnel.

The current trend to minimise energy consumption (thus minimising mercury
emissions from burning fossil fuel) leads to increasing attention of another area—
the increasing usage of so-called economy light-bulbs, which, albeit in small
quantities, still contain mercury.

In 2011, attempts were made to determine locations of elevated mercury levels
in dump-sites of waste to find eventual links with the origin of waste, which did not
succeed since the used waste packaging practices scatter mercury over all the whole
area of waste disposal making it impossible to trace the origin. The registered
concentrations were wildly volatile in the range from the background level up to
90 ng/m°.

The authors have been invited by the responsible personnel of wastewater
processing facilities to investigate possible sources of mercury. In such facilities
wastewater is treated by appropriate biological procedures, and the sludge produced
as a side-product is delivered to landfills and used as fertiliser. Mercury in the waste
ends up in the sludge and possibly on crop fields. Analysis of water is typically
made with limited frequency, testing of multiple samples from different sources of
the collection pipeline network taking much time and effort. To track the distri-
bution of mercury pollution, the concentration of mercury was measured in the air
of the pipeline network sub-stations. The results of session are presented in Fig. 9.
Though it was not possible to quantify the amount of mercury directly in waste-
water, the relative elevation of mercury concentration in air can be used as a strong
indication that analysis of water from a particular object is necessary.
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Fig. 9 Mercury
concentrations in air over
waste-water processing plant
facilities (June 14, 2011)
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7 Conclusion

Neither major pollution sources, nor indications that Riga has any significant
overall mercury pollution have been discovered during the measurement sessions.
Results of surveys show the background atmospheric mercury concentration in
Riga not exceeding 5 ng/m>. At the same time, larger and smaller localised
pollution sites have been detected with some larger ones persisting for significant
periods of time and, accordingly, requiring particular attention and clean-up.

Due to the nature of a global pollutant and bioaccumulation mercury is easily
transferred over large distances and locations not having their own mercury sources
may end up with significant pollution levels. It is therefore necessary to ensure
ongoing monitoring of mercury concentrations even on a low-level scale.

Paying attention to waste collection and processing facilities contributing to
mercury pollution is a welcome corporate responsibility. Hopefully professional
groups, such as medical workers, will acquire skills of properly handling mercury
and mercury derivatives.

What still remains an open question is the awareness of mercury as a harmful
pollutant by the general public. Starting with small spills all around and especially
with regard to both larger mercury spills mentioned in the paper having occurred in
the Pardaugava region of Riga can hardly be attributed to some legal professional
activity, and one might ask—where are the deposits of spare mercury stored and by
whom?
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High-frequency electrodeless lamps emit bright line spectra, thus being used in
different scientific devices. Each device requires specific set of parameters for the light
source, influenced by form, applied voltage and other properties. In this work we
investigate influence of lamp side-arm on the intensity and stability of lines and look at
differences between E and H discharge modes.

Key words: high-frequency electrode-less lamps, zinc, discharge, E- and H- mode, emission
stability measurements.

1. INTRODUCTION

High-frequency electrode-less lamps (HFEDLs) are line spectrum emitting
light sources, that are widely used as bright radiators of narrow and intensive
spectral lines, covering spectral region from ultraviolet to infrared. Our work is
concerned with their preparation and investigation, to understand processes in
radio-frequency (RF) inductively coupled low-temperature plasma and to optimize
these light sources for usage in atomic absorption spectrometers [1].

For RF inductively coupled plasma two different modes of discharge are
distinguished — capacitive E-mode, also called predischarge and inductive H-mode
also known as ring discharge [1, 2].

The E-mode at low RF power is maintained by electrostatic field, and is
characterized by low electron density and weaker light emission.

The H-mode on the opposite operates at high RF power, thus having high
electron density and bright light emission, and is maintained by electromagnetic
field, induced by current flowing in RF coil [1, 3, 4]. Because of its characteristics
H-mode is more investigated, while studies of weaker E-discharge are less popular [3].

* Paper presented at the 16" International Conference on Plasma Physics and Applications,
June 20-25, Magurele, Bucharest, Romania.

Rom. Journ. Phys., Vol. 59, Nos. 5-6, P. 561-569, Bucharest, 2014
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Usually lamp ignition starts with predischarge (E-mode) and by increasing
the applied power, the critical value can be reached, where the transition to H-
mode starts. When the transition occurs, jump of current and sudden changes in
plasma properties can be observed. E-H mode transitions are of a high interest, and
there can be many papers found in this field [3-6].

In our previous works we investigated the plasma-surface interaction in such
lamps [7-9], while in this work we focus on properties of HFEDLs filled with zinc
and argon, as we investigate another two of the aspects influencing the operation of
the light source — lamp geometry and mode of discharge.

Similarly as for mercury and other heavy metals, lamps with zinc are
frequently used in pollution analysis and monitoring devices [1], in addition, their
other applications include but are not limited to other analytical instrumentation
and wavelength calibration [10]. In [11] the possibility to replace mercury by zinc
in high-pressure discharge lamps is discussed, concluding, that zinc is attractive as
replacer not only by environmetal point of view, but also by its comparable
properties.

2. EXPERIMENT

2.1. HIGH-FREQUENCY ELECTRODE-LESS LAMPS

In general the vessel of HFEDL is made of SiO, glass and filled with a
working element and buffer gas at low pressure. Usually working element is in
form of metal vapour and for buffer gas a rare gas such as argon or xenon is used.

The lamp contains a bulb and a short side-arm (Fig.la). Depending on
requirements of application, sidearm can be sealed of and such lamp is called as
being ,,without side-arm” (Fig.1b).

"R
N

capillary part
Fig. 1 — Schematic representation of HFEDLs with (a) and without (b) side-arm.
The lamp bulb is located in a high-frequency excitation generator coil to

induce an inductively coupled electrode-less discharge. The frequency of generated
electromagnetic field is about 100 MHz.
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In this work two types of HFEDLs were investigated: SiO, bulbs of 10 mm
diameter with and without 3 mm long side-arm. Lamps were filled with zinc as
working element and argon as buffer gas.

2.2. SPECTROMETERS

Measurements were performed using two different spectrometers:

Spectrometer 1: AVANTES AVS-PC2000 plug-in spectrometer with 2048-
element linear CCD-array detector (wavelength range 190-850 nm). It was used
for intensity stability measurements of spectral lines and for registration of full
lamp spectra in given range. Resolution of AVANTES spectrometer is 0.3 nm.
Experimental set-up for stability measurements can be seen in Fig. 2.

Optical fibre
\I PC with AVANTES
plug-in

— spectrometer
HFEDLwith | .

(o000
excitation
generator

Fig. 2 — Experimental set-up for stability measurements with AVANTES spectrometer.

Spectrometer 2: JobinYvon SPEX 1000M (grating 1600 1/mm, focal length
1 m) with charge-coupled device matrix detector (2048x512 Thermoelectric Front
[lluminated UV Sensitive CCD detector, Symphony), wavelength range 200-
850 nm. This spectrometer has resolution of 0.008 nm, and it was used to register
intensities of selected spectral lines to investigate their behavior depending on
excitation generator power and discharge mode. Experimental set-up for these
measurements can be seen in Fig. 3.

CCD
controller pc
| CCD T
Symphony JobinYvon SPEX 1000M Spectrometer
ey BT SN Spectrometer controller
HFEDLwith | ./ [-. D

000 -

excitation
nerator
B f=55 mm

Fig. 3 — Experimental set-up for spectra registration with JobinYvon spectrometer.
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2.3. MEASUREMENTS
2.3.1. Intensity stability measurements

As mentioned above spectrometer AVANTES AVS-PC2000 was used to
register data describing stability of spectral line intensities. Each of the
experimental light sources was put in the excitation generator and ignited.

Spectral line intensity changes in time were registered as follows: generator
voltage was set to a certain value (starting from 23V up to 29V), lamp was left to
stabilize for 20 minutes (experience shows that 5 minutes for stabilization almost
always are enough), after whom voltage was changed to next higher value.

2.3.2. Measurements of spectral line intensities

For registration of intensities spectrometer JobinYvon SPEX 1000M was
used as it allows better separate line distinction than AVANTES.

Selected zinc and argon lines were measured in both E and H discharges.
Their dependance on excitation generator voltage was observed by changing it in
the range of 21V to 29V. After each change of voltage the light source was left to
stabilize for several minutes.

3. RESULTS

3.1. STABILITY OF SPECTRAL LINE INTENSITIES

Measurements showed that stability of spectral lines depends on geometry of
light source. In Fig. 4 intensity changes of two zinc lines and two argon lines are
presented. While intensity of argon lines is stable in time and changes
insignificantly depending on generator voltage, unstable behavior is observed for
zinc — intensities change both in time and by increasing the voltage.

The decrease of spectral line intensities at higher values of excitation
generator voltage can be explained by zinc migrating away from plasma discharge
zone towards the coldest part of the light source — side-arm.

As can be seen in Fig. 5, the intensity stability for both elements is good,
when the side-arm is sealed off, since there is no place for zinc to migrate towards
to and because of higher concentration of zinc atoms, it is possible to acquire more
intense spectral lines of zinc.
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Fig. 4 — Stability of Zn and Ar spectral lines in HFEDL with side-arm.
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Fig. 5 — Stability of Zn and Ar spectral lines in HFEDL without side-arm.

3.2. INTENSITY

In Fig. 6a and 6b full spectra for lamps with and without side-arm in range
from 200 nm till 850 nm are shown. It is observable easily that spectral lines
for both — working element and buffer gas are more intense for lamp with sealed
side-arm.

Because of higher concentration of zinc atoms, concentration of electrons has
increased and energy from electromagnetic field is delivered to the light source
more efficiently.
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Fig. 6 — a) spectrum of Zn+Ar lamp with a side-arm, b) spectrum of lamp with-out sidearm.

Lamp spectra during two different discharge modes were also registered.
While H-discharge is more of a interest, as it provides higher intensities for
working element, E-mode can provide properties that could be used for certain
applications.

Figures 7 and 8 represent HFEDLs behavior in H-discharge mode. It is seen
that the Ar spectral line intensities for lamps without side-arm are higher and the
change of intensity is almost negligible when changing the power of the excitation
generator.
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Fig. 7 — Intensities of several Ar spectral lines depending on power applied to generator
in H-discharge mode.
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Fig. 8 — Intensities of several Zn spectral lines depending on power applied to generator
in H-discharge mode.

Zinc spectral lines are also more intense for lamp with sealed side-arm,
however they also show differences depending on generator power — intensities of
spectral lines registered in HFEDL without side-arm are increasing more rapidly
than those of HFEDL with side-arm. At lower power values the difference between
intensities of both lamps is not very explicit, however at higher values the
intensities of the Zn lines of lamp without side-arm can be 10 times and even more
higher than that of the lamps with side-arm. This effect can again be explained by
migration of zinc towards the coldest part of light source.

Figure 9 shows how spectral lines behave in E-mode of discharge. It is
seen that argon has higher spectral line intensities, as it can be excited more easily
than zinc.

In E-mode excitation generator power influences the intensities
insignificantly, letting to conclude that they can be stated as being independent of
generator power. It is not shown here but was observed that lamps without side-arm
undergo a transition from E-mode to H-mode around 13W, while lamps with
side-arm can operate in E-mode at as high as 17W, that corresponds to the highest
permitted voltage value for said excitation generator.
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Fig. 9 — Intensities of several Zn and Ar spectral lines depending on power applied to generator
in E-discharge mode.

4. CONCLUSIONS

Intensity and stability of HFEDLs are influenced by a set of parameters,
including shape of the light source and mode of discharge it is working in. Our
investigation shows that sealing of the side-arm of the Zn+Ar lamp results in
higher intensities of spectral lines and improves their stability. Lamps with side-
arm have to undergo longer process of stabilization for optimal working conditions.
During H-mode concentration of zinc atoms is higher leading to higher emission
intensity.

For usage in analytical devices H-discharge mode is preferable because of
high working element intensity, while both E- and H- modes can provide useful
information about processes inside the lamp.
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Abstract. In this research we compare chemical and plasma treatment methods for surface of
SiO, glass. For chemical treatment of surface tequila and alcohol were used but for plasma
treatment - Ar+As and Ar+Se plasmas. Surface topography was analyzed using atomic force
microscope. Comparison of chemical and plasma treatment methods shows that surface treated
with plasma is smoother. Because of their various chemical compositions tequila and alcohol
show different results.

1. Introduction

No one knows exactly when the glass as a material was first discovered but over the years number of
its applications has significantly increased. Depending on purpose different types of glass are
developed and produced and it is important to investigate how does chemical content and treatment
change material's parameters.

SiO, glass is very popular material in different high-tech fields. In ideal conditions the surface of a
glass is smooth and micro-structure free. Temperature, moisture and chemical compounds in the
surrounding environment induce changes that lead to corrosion, blackening and other undesired effects
[1,2,3].

Our work is concerned with the preparation and investigation of high-frequency electrode-less light
sources (HFELS) that are widely used because of their narrow and intense spectral lines radiated in
spectral region from VUV to IR. Lack of electrodes allows to use them in plasma investigation due to
decreased amount of impurities. Light bulbs are made of SiO, glass and filled with different metal
vapors and rare gases at low pressure. As the bulbs are of small size (diameter is about 5 millimeters)
plasma interaction with wall material is significant. In order to improve our light sources' performance
we have previously studied what impact does frequency and plasma temperature have on our lamps'
inner surface [4]. The properties of light sources such as operating lifetime and emission stability are
also strongly dependent on the wall material treatment methods used during the preparation phase as
these methods can change the surface topography. In our laboratory we have used many different wall
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material cleaning and pre-treatment methods, for example, cleaning with alcohol, plasma and thermal
treatment. However, the modification of the surface topography during the treatment phase still needs
to be investigated.

The goal of this work was to compare the modification of the surface of the SiO, lamp material
after the cleaning with alcohol (96%) and tequila, as well as after the treatment with the discharge in
Ar+Se and Ar+As plasmas. For the chemical treatment along with alcohol, well known as a cleaning
solution, tequila was chosen because of its similar but yet different chemical content. In addition
tequila was reported as precursor onto silicon for diamond film growth [5].

2. Experiment

2.1. Sample preparation
Five equal electrode-less lamps were made for the investigation. One was left untreated. Two
chemically treated bulbs were rinsed with tequila and alcohol respectively. For plasma treatment
lamps were filled with mixture of argon (gas pressure 3 Torr) and arsenic or selenium and then trained
at 100 MHz frequency.

Afterwards all five lamps were broken in order to obtain samples for inner wall surface
investigation.

2.2. Equipment

For wall topography studies we used an atomic force microscope (AFM) in a non-contact mode.
The AFM tips were made of silicone nitride (Park Scientific instruments) and had a radius of curvature
less than 35 nm. For image processing there were no filters used except for line-to-line leveling. The
force constant of each cantilever was measured to be 0.1 and 0.16 N/m for cantilevers of two different
dimensions.

3. Results

Table 1 and figures la-e represents the results obtained. It can be seen that surface without
treatment is the smoother one and all four treated surfaces have different level of roughness. The most
significant changes can be observed for surface treated with tequila — lots of relatively sharp spikes
(Fig. la), reaching maximal value of 21 nm. Its spikiness is also characterized by large skewness
(characterizes asymmetry of value distribution histogram) (9,81) and kurtosis (shows ,,peakiness” of
the surface) (164) values. Because of different chemical content alcohol gives slightly different image
(Fig. 1b) - spikes are lower (up to 15,5 nm) and flatter.

Table 1. Some characteristic parameter values for all five samples.

. N "
Treatment method Without Tequila Alcohol ArtSe Ar+As
treatment plasma plasma

Standart deviation 172,708 pm 934,275 pm 2,276 nm 682,608 pm 288,829 pm
Maximal value 1,738 nm 20,908 nm 15,459 nm 7,571nm 2,037 nm
Minimal value -1,218 nm 2,560 nm -7,909 nm -1,775nm -1,264 nm

Mean quadratic 5, 70700 934974 pm 2,276 nm 682,607 pm 288,829 pm

data value
Average deviation 137,588 pm 489,536 pm 1,668 nm 487,223 pm 218,598 pm
Skew 0,0196 9,81 1,3 1,97 0,679

Kurtosis 0,272 164 4,0 9,37 2,57
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Plasma treatment methods result in surface topography with no sharp spikes (maximal spikes
values do not exceed 8 nm) but at the same time they are slightly different from one another — one can
see that selenium plasma makes surface rougher but arsenic plasma — smoother. Experiments also
show that surface without treatment still is the smoother one — difference between maxima and
minimum is only approximately 3 nm.

By analysing obtained results and taking into account the mode of treatment used [6], we have built
up such hypothesis:

a) surface modifications by plasma treatment are of both physical and chemical nature, first
because of plasma properties such as temperature and pressure and the second one due to the
impurities that occur during manufacturing process;

b) surface modifications from chemical treatment with alcohol/tequila are mostly of chemical
nature — particles from these solutions are deposited on surface thus forming uneven coating.

20000

2000

Figure 1. Examples of surface topography for samples treated with a) tequila, b) alcohol, c) Ar+Se
plasma, d) Ar+As plasma and e) without treatment.

4. Conclusions
In this work, the surface topography of the SiO, glass, that is used for manufacturing of the spectral
light sources, was investigated by means of atomic force microscopy after it was cleaned with tequila
(40%), alcohol (96%) and plasma treatment (Ar+Se and Ar+As discharge).

The cleaning of SiO, surface with alcohol and especially tequila caused surprisingly large surface
degradation that has to be considered more carefully in the future. The influence of the treatment with
high frequency discharge plasma confirmed the previous results. Small but remarkable differences
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between modifications caused by argon plasma treatment in dependence of additive (Se or As) were
observed. To understand the mechanisms of modification in detail, investigations need to be
continued.
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Abstract - This research presents Hg pollution measurements
performed in Latvia with sensitive method using Zeeman AAS
analyzer RA-915+ and necessary attachments. Air in Riga city
and water samples from a number of rivers and lakes of Latvia
were analyzed for presence of low-level Hg concentrations.
Ombrotrophic bog peat was analyzed to get insight into long-
term trends. Environment in the sites sampled is relatively clean
according to the results obtained, but there are local spots of
pollution.

Keywords - Mercury in environment, mercury monitoring,
mercury background in Latvia, Zeeman atomic absorption
spectroscopy

I. INTRODUCTION

Although mercury is an element naturally present in the
Earth’s crust, and, owing to its unique physical properties, it is
widely used to manufacture many different products like
measurement devices, light sources, medical and cosmetic
substances, etc., it is also a dangerous heavy metal. In
combination with other inorganic and organic chemicals,
mercury forms various compounds, from which methyl-
mercury is widely recognized as the most toxic.

Naturally mercury is in a bound state, mostly as a mineral
cinnabar, however it can be released as a result of various
natural and anthropogenic activities. There are continuous
ongoing processes in nature, which cause transformations
between different forms of mercury [1], thus in order to assess
harm to the environment and human health, it is important to
gather information about all stocks and their distribution.

When considering the presence of mercury somewhere, one
might think in two different categories — about the immediate
short-term effects of this metal, and about the longer-lasting
but not so obvious changes caused. In the former case, we
speak about directly harmful concentrations of mercury and
about time frames from hours to a few years, depending on the
particular compound and the type of exposure. In the latter
case we shall consider even small concentrations, with
changing trends pointing toward possible problems: e.g., even
minuscule amounts of mercury bio-accumulate through the
food chain, as a result potentially becoming dangerous.
Therefore, it is important to perform both short-term
monitoring of mercury to preserve our health in current time
and place, and long-term monitoring to take care of our future.

The long-term monitoring of mercury background
concentration changes needs measurements with a resolution
significantly better than is usually required in official

regulatory documents. Mercury background concentration in
atmosphere is typically just few ng/m’ (e.g., in [2] the annual
average total gaseous mercury (TGM) concentration in the
European and North American troposphere is estimated being
between 1.5 and 1.7 ng/m’, in [3] the 4-year average
concentrations between 1.3 and 1.9 ng/m® of TGM were
measured, etc.). European Community Strategy Concerning
Mercury [4] provides for establishment of Global Mercury
Monitoring Network (GMOS) with the appropriate monitoring
capacity. At the same time, the limits defined by the
governmental regulations in Latvia are significantly less
demanding — the occupational exposure limit set at 0.05
mg/m’ [5] (8 h exposure x 5 working days per week) and air
quality target at 1 p/m’ [6] (24-hour average).

Similar, if somewhat less pronounced, situation exists with
mercury in fresh water. E.g., the concentrations of mercury in
South American lakes and rivers, listed in [7], range from
0.6 to 10.9 ng/1 and represent different environmental settings.
Mercury concentrations in 58 rivers in Maine, USA, were
measured in another research [8] to range from values below
the detection limit of equipment used and up to 7.01 ng/l, and
averaged at 1.80£1.29 ng/l. In the regulation in Latvia [9], the
allowed yearly average concentration is defined at 0.05 pg/l
and the maximum permitted concentration at 0.07 pg/l.

Authors of this paper are involved in improvement and
development of components for new sensitive mercury
measurement methods, and, as a practical outcome, are
gathering measurement data from different objects in Latvia.
In this work, we present some efforts made during the last
six years, which contribute to short- and long-term monitoring
of mercury concentrations in Latvia.

II. HG CONCENTRATION MEASUREMENT EQUIPMENT USED

The core device used in all measurements of mercury
concentration was the atomic absorption analyzer Lumex
RA-915+. The principle of functioning of the analyzer is
based on Zeeman atomic absorption spectrometry (AAS) with
a high-frequency modulation of polarization. The differential
method of AAS is implemented using the direct Zeeman
Effect — the selectivity and stability of measurements is
obtained by comparing the intensities of two beams, which
propagate through the same path and have different but very
close wavelengths — the difference is about the width of an
atomic absorption line [10].

Usually, the measurements are performed in real-time,
giving a concentration reading once per second. The detection
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limit of RA-915+, when measuring Hg concentration in the air
in the continuous flow mode, is 1-2 ng/m® (measuring over
longer intervals allows to decrease it to lower values).

Due to its principle of operation, the RA-915+ analyzer
measures gaseous elemental mercury (Hg’ — GEM), which
chemically is not exactly the same as TGM, but it has been
proven in a number of papers, that, except close to the sources
of other mercury species in the air, the values of GEM and
TGM can be considered being equal. This is recognized by
the BS EN 15852:2010 standard [11], and the analyzer
completely satisfies the requirements of this standard.

Solid samples were analyzed, complementing the RA-915+
analyzer with a pyrolysis attachment RP-91C — mercury
contained in the sample is atomized by pyrolysis, and the
emitted mercury amount is read by RA-915+ as an integrated-
over-the-time absorption signal. The Hg concentration per
mass unit of sample is calculated applying a calibration
coefficient obtained from the analysis of the reference
standard with a known Hg content. Analysis time is
1-2 minutes per sample.

Mercury determination in liquid samples was performed,
using RA-915+ analyzer with RP-91 attachment; the principle
of operation is based on cold vapor atomic absorption
spectroscopy — CV-AAS; similarly to solid samples, the
emitted mercury amount is read by RA-915+ as an integrated-
over-the-time absorption signal. Analysis time is ~1 minute
per sample (not including chemical preparation).

III. MERCURY CONCENTRATION MEASUREMENTS IN THE AIR
IN R1GA

Mercury concentration measurements in air, as presented in
this work, are an example of short-term monitoring (as
opposed to voluminous, statistically analyzable data
collection). The aim of the measurements was to detect the
presence of mercury and to determine the possibility of
immediate threat.

A. Measurement procedure

Combining the RA-915+ analyzer with the PC-connected
GPS receiver, a portable system, capable to collect a log of
real-time Hg concentrations in air for known coordinates, was
constructed. Air samples are continuously collected by the
analyzer inlet pipe, which is located ~1.5 m above ground in a
car window, if measuring while driving, or the inlet pipe is
brought 2-10 cm close to the point of interest, if measuring
during a walk-around.

The accuracy and relevance of the Hg concentrations
measured are mostly limited by the environmental conditions
— topology and wind, with the lower bound set by an analyzer
detection limit of 1-2 ng/m’. The accuracy of location
coordinates is determined by the accuracy of the GPS receiver
used (Magellan Meridian Color or Magellan eXplorist 500),
said to be £(3-10) m.

B. Measurement results and analysis

During the years 2005-2011, a number of routine
measurement sessions were performed, recording location-

40

associated mercury concentrations, searching and finding
spots of mercury pollution in different places in the city of
Riga. The results of measurements are presented in the earlier
works [12-17].

It can be observed from the collected data that, depending
on the season and time of day, the background level of Hg in
the open air in Riga varies in the range between 2-5 ng/m’.
With few exceptions, Hg concentrations in the open air in the
areas of local pollution spots usually do not exceed
20-40 ng/m”.

Standing out of normal background and small transient
pollution spots is the mercury spill on Spilves street in Riga in
2005. On 17™ of June 2005 0.5 kg of mercury were spilled
over a 30 m’ area. The place was cleaned-up, though due to
the lack of chemicals final washing was not completely done
[18]. Over the years 2005-2011 a number of air samples’
measurement sessions were performed on the site. The
maximum concentrations of Hg registered in the open air at
the site are presented in Figure 1.
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Fig. 1. Determined maximum Hg concentrations in air over Spilves spill site.

As one can see, after the spill the background level was
reached again only within a period of about six years.

While mercury concentration in the air decreased over the
time, it was observed that not all of the dangerous metal had
been evaporated — significant presence of it could be seen in
the nearby waste water manhole. The maximum
concentrations of Hg registered in the air at just-opened
manhole are presented in Table 1.

TABLE 1

MAXIMUM REGISTERED HG CONCENTRATION IN THE AIR AT THE WASTE
WATER MANHOLE NEAR THE SPILVES STREET SPILL SITE

Measurement date Max Hg concentration, ng/m’
April 11,2006 77 500
July 2, 2007 88 000
May 29, 2009 60 000
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IV. MERCURY CONCENTRATION MEASUREMENTS IN SAMPLES
OF NATURAL WATERS

Mercury concentration measurements in water, as presented
in this work, also represent short-term monitoring. Mercury
concentrations at particular times were determined in several
Latvian river and lake water samples.

A. Reagents

All chemicals used were of analytical grade. The working
solutions were prepared according to recommendations of [19-
21], and a brief summary is given below.

A reducing SnCl,-2H,0 solution in NaOH was prepared by
dissolving 10 g of NaOH(Sigma-Aldrich, puriss. p.a.,
Hg < 5-10° %) in 50 ml of distilled water, then gradually
adding 6 g of SnCl, (Merck, for analysis, Hg < 1-10° %)
dissolved in distilled water, and proceeding with the addition
of 10 g of NaOH, and diluting to 100 ml with distilled water.

A 0.033 molI"! KBrOs and a 0.2 mol-1"! KBr solutions were
prepared daily from the corresponding reagents (KBrO; —
Fluka, puriss. p.a.; KBr — Sigma-Aldrich, puriss. p.a.,
Hg < 0.1 mg/kg) and mixed in a 1:1 proportion (KBr/KBrO3
solution).

A 100 g/l hydroxylamine hydrochloride (NH,OH-HCl) was
prepared daily (Merck, puriss. p.a., Hg < 0.01 mg/kg).

A potassium permanganate solution was prepared by
dissolving 5 g of KMnO, (Sigma-Aldrich, puriss .p.a.,
Hg < 5-10° %) in 100 mL of distilled water.

A potassium persulfate solution was prepared by dissolving
5 g of K,S,0¢ (Fluka, puriss. p.a.) in 100 mL of distilled
water.

A potassium dichromate 4 % solution was prepared by
dissolving 4 g of K,Cr,0; (Fluka, puriss. p.a.) and diluting to
100 ml with distilled water.

A 9.954+0.053 mg/g Hg”" certified standard stock solution
was obtained from the National Institute of Standards &
Technology (NIST SRM 3133 Mercury Standard Solution).
The experiments were done using a 50 ng 1" Hg standard
solution. Working solutions were prepared daily from the
stock solution by serial dilution with distilled water.

Other chemicals that were used in pretreatment of samples
were HCl (37%, Fluka, puriss. p.a., Hg < 5- 107 %), HNO; (65
%, Sigma-Aldrich, puriss. p.a., Hg < 0.005 mg/kg) and H,SO,
(95-97%, Fluka, puriss. p.a., Hg < 5-107 %).

B. Sample collection

The water was collected from the lakes Aliiksne, Babite
(2 sites), Burtnieks (2 sites), Dridzis, Engure, Kanieris,
KiSezers, Liepaja (2 sites), Razna, Sivers and Sloka, and from
the rivers Slocene, Lielupe and Venta. Depth of sample
collection varied between sampling sites from 0.5 to1.5 m.

All water samples immediately after the collection were
transferred into in borosilicate bottles with tight screw caps
and acidified using HNO; (1 ml of acid to 100 ml of sample),
packed into sealed plastic bags and stored in a refrigerator
until analysis.

The samples were not filtered, the total amount of mercury
(including particulate-bound) was measured to obtain the

maximum carried Hg concentration values. Accordingly, for
filtered samples, the mercury concentration values would not
be higher than for the ones measured in this work.

C. Sample pretreatment and measurement procedures

Water samples were analyzed for
pretreatment (oxidation) methods [19-21].

Method 1: 3.5 ml concentrated H,SO,4, 1 ml concentrated
HNO;3, 2 ml KMnQO, solution and 1.5 ml K,S,05 solution were
added to 35 ml of sample, and then diluted to 50 ml by
distilled water. Then the samples were stored at room
temperature in dark for at least 15 hours.

Method 2: 7.5 ml of HCI 4 mol'I"', 1 ml of KBr/KBrO;
solution and 1.5 ml of distilled water were added to 40 ml of
samples. Then the samples were stored for about 1-2 hours.

Method 1 is more demanding in terms of procedures and the
processing time of a sample is longer (if sample heating
during the pretreatment is not used, as in this research), but it
gives better detection/quantification limits in comparison to
Method 2 [22]. Method 2 is still kept in use due to its
suitability for immediate out-in-the-field analysis of water
samples without a need for sample preservation.

After oxidation, the sample was pre-reduced with
NH,OH-HCI. Then the sample (5 ml) was transferred to a
reduction flask, and the ionic Hg in the sample was reduced
with SnCl, (2 ml) to convert Hg(II) to volatile Hg(0). The
Hg(0) was separated from the solution by bubbling air
through the sample. The Hg passes into an air stream that
carries the released Hg(0) into the cell of the RA-915+
analyzer for detection.

Hg using two

D. Quality assurance procedures

All glassware before sample collection and processing is
controlled for contamination with Hg, using a slightly
modified procedure described in [19] (SnCl,-2H,0 is added to
rinsing solution).

Background mercury concentration in laboratory air is
periodically controlled, using real-time Hg measurement
capabilities of RA-915+ analyzer. Values range from
3 to 10 ng/m® without fast changes.

Together with lake and river water samples, blanks of
distilled water were handled and prepared in the same way to
account for the contamination during all stages of sample
treatment.

In about half of cases two independent samples are
collected for a single sampling site, and for each sample two
replicates are processed independently starting from
pretreatment step. For each replicate, 2-3 measurements are
made.

The detection and quantification limits for each of both
processes, corresponding to different pretreatment methods,
were verified according to [23]. The parameters obtained are
given in Table 2.

The quality of reagents used was determined as the limiting
factor for performance of Method 2 [22].
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TABLE 2
MDL AND LOQ EVALUATION OF METHODS USED

Parameter Method 1 | Method 2
Standard deviation 0.1 0.6
Method detection limit (MDL), ng/l | 0.3 1.6
Signal/noise ratio 8.5 8.8

Level of quantification (LOQ), ng/l | 1.2 5.5
Average Recovery, % 99.24 96,71

E. Measurements results and analysis

Figure 2 shows the measurement results obtained. Values
below MDL are not shown in the graph; therefore, Altksne,
Babite (site 1), Engure and Liepaja (site 2) lake, and Venta
river sites do not appear on the graph at all.
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Fig. 2. Determined Hg concentration in natural water samples.

One can see that all the values measured are significantly
below the threshold set in [9].

12 of 16 sites had mercury concentrations above MDL of
Method 1, of which 8 qualified for being quantified.

Mercury concentrations just in two cases reached the level
detectable by Method 2 — in Babite (site 2) and Razna lakes.
None of them could be accepted as quantified by that method.

The determined concentrations are in good agreement with
mercury concentrations usually observed in non-polluted
waters [24].

It should be noted that, because no sample filtering was
applied, the actual concentrations of dissolved mercury could
be even lower.

V.HG MEASUREMENTS IN PEAT

Ombrotrophic bogs are isolated from the influence of local
ground water and surface water, and receive their inorganic
content by atmospheric deposition only; therefore, the peat
from such bogs can be used to study the long-term historical
trend of atmospheric metal deposition [25, 26].

42

A. Sample collection

Peat samples and their age data were generously provided
by the Faculty of Geography and Earth Sciences, University of
Latvia.

Mercury was analyzed in several peat samples from two
ombrotrophic peat bogs located in Latvia (Dizais Veikenieks
and Dzelve). Vertical columns of peat were collected and cut
into horizontal layers representing different ages. The sample
age for a number of layers was determined using '*C dating.
The age of other layers was obtained by interpolation.

B. Hg measurement procedure

The mercury distribution profile by age was determined by
analyzing samples from different layers of peat.

For each measurement, a weighted sample of air-dried peat
(5-30 mg) is taken into an injection spoon of the RP-91C
attachment. Integration of the analytical signal by RA-915+ is
turned on and the injection spoon is placed into the attachment
for pyrolysis.

No mechanical homogenization is applied to samples;
instead, a number of measurements are made for different
parts of samples. Non-even distribution of mercury in the
sample, if applicable, shows up as an increased dispersion of
the values measured.

C. Measurement results and analysis

Measured mercury concentrations in the peat bog Dzelve
range from 13 to 60 pg/kg, in the peat bog Dizais Veikenieks
— from 55 to 190 pg/kg.

In the peat bog Dzelve (Fig.3), mercury concentration
smoothly decreases with the increasing depth (age). At the
surface, Hg concentration was determined to be about 60
ng/kg.
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Fig. 3. Mercury distribution profile in the peat’s layer with thickness of 50 cm
in Dzelves peat bog.

In the peat bog Dizais Veikenieks, the highest mercury
concentration also was determined at the surface (about
190 pg/kg), then it decreases, but in the oldest layers increased
concentrations are observed again. Unfortunately, due to the
weak resolution of time axis data it is not possible to identify
the source of peaks (usually volcanic eruptions, which is the
largest primary non-anthropogenic source of mercury, can be
seen in historic mercury concentration records). Such peaks
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cannot be observed in Dzelve bog data due to the limited time
span of its samples.

Mercury concentrations in the measured samples range
from approximately 10 to 200 ng/g, which roughly
corresponds to the concentrations observed elsewhere [25-27].

The increase of mercury concentration in the youngest
layers of peat might be attributed to the beginning of
industrialization, though the better time resolution might be
desired for more certain conclusions.

VI. CONCLUSIONS AND DISCUSSION

The background concentration of Hg in the air in Riga is
determined being within the range of 2-5 ng/m’. There is no
data from other authors available about the mercury
concentration in the ambient air in Latvia. The obtained value
is larger than the overall background concentration mentioned
in [2], but considering that it is an urban area, where mercury
concentrations are typically higher, it seems to be in good
agreement with the data obtained elsewhere in the world. E.g.,
in downtown Toronto TGM concentrations ranged from
1.3 to 50 ng/m’ with values >3 ng/m’ seen more frequently
than in rural areas; TGM averaged at 3.6+2.9 ng/m® with
maximum 22 ng/m’ at the downtown Chicago site and
2.240.7 ng/m’® at the rural site in Lake Michigan Basin [28];
44+27 ng/m® TGM had been measured in downtown
Baltimore [29]; at lake Balaton concentrations between
0.4 and 5.9 ng/m’ with higher concentrations during the day
time had been measured; TGM averaged at 3.4 ng/m’® with
maximum hourly mean concentration of 37.1 ng/m®at Champ
sur Drac, a suburban site of Grenoble in southern east France
[30].

Authors of this paper appreciate the plan to establish
permanent monitoring stations in Riga and Liepaja for control
of mercury concentration in the air [31], and hope that the
resolution of data obtained therein will be sufficient not only
for evaluation of immediate threats, but also will contribute to
the research of long-term mercury distribution trends.

From this research, it was concluded that after significant
mercury spill, as illustrated by the Spilve street case, return to
background concentrations can take as long as several years
even after cleanup. One side-observation, obtained during the
numerous measurement sessions, is that people quite
frequently do not care to verify after the cleanup efforts after
mercury spills, if their actions achieved the desired result.

The mercury concentration in the water resources in Latvia
had been monitored already for some period of time, but the
resolution of such observations seems to be limited. [32] gives
the following values on a yearly basis: <0.2 pg in 2010,
<l pg in 2009, 1%-6% of 1 ug in 2008, 3%-7% of 1 ug in
2007, 5%-13% of 1 pg in 2006. The scientific publications,
related to research of mercury pollution in natural waters in
Latvia, mainly are discussing mercury concentration in fish
and sediments [33] and attention had been paid to mercury in
the Baltic Sea and the Gulf of Riga [34], but they seldom
contain data about mercury concentrations in the water itself.
The Daugava river plume zone [35] (mercury concentrations
published only for sediments), KiSezers [36] (not exactly a

scientific paper) and Liepaja port [37] (mercury concentrations
published only for sediments) have been investigated.

The highest determined mercury concentration in natural
waters measured within the scope of this research was
5.6 ng/l. Though the set of water resources tested does not
represent all significant lakes and rivers, it gives an insight
into approximate values of Hg background level in natural
waters of Latvia.

The Hg concentrations measured in air and water samples
are small, which allows saying that the nature in Latvia is not
too much polluted with mercury, and current pollution spots
are of a rather local nature.

Hg concentration long-term trend determination from Hg
measurements in peat is not very conclusive, but still it
suggests that Latvia follows the general trend of Hg
concentration increase with the onset of the industrialization
period. This illustrates the global nature of mercury as a
pollutant [38], which is distributed by natural processes all
over the world.
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Egils Bogans, Zanda Gavare, Anda Svagere, Rita Poikane, Janis Skudra. Dzivsudraba piesarnojuma apzinasana Latvija, izmantojot augstas juitibas
Zeémana atomu absorbcijas spektrometru

Dzivsudrabs ir kaitigs gan videi, gan cilvéku veselibai, tade] ir svarigi apzinat ta avotus. Viens no veidiem, ka var spriest par dzivsudraba apriti daba un par ta
,,paradumiem”, ir monitorings. Saja darba sniegts ieskats par Hg koncentracijas mérfjumiem Latvija.

Tslaiciga monitoringa piemérs ir ar Hg analizatoru RA-915+ veiktie koncentracijas mérfjumi gaisa Riga, Spilves iela, kur 2005.gada 17.janija 30 m? platiba tika
izliets 0,5 kg dzivsudraba. No 2005. lidz 2011.gadam veikti 9 mérfjumi, kas ataino koncentracijas izmainas $aja laika posma. Neraugoties uz to, ka neilgi pec
notikuma tika zinots par izlieta dzivsudraba savaksanu, iegiitie dati liecina, ka dzivsudraba piesarnojums ir ilgstoSa probléma, ar kuru nemaz tik viegli nav tikt
gala.

Ar analizatora un paligiekartas RP-91 palidzibu veikti Hg koncentracijas mérfjumi vairaku Latvijas upju un ezeru idenos. Udenu kontrole ir svariga, jo
galvenokart tiesi tur norisinas dzivsudraba metilacija, savukart metildzivsudrabs akumulgjas Gidens iemitnickos un noklust baribas k&de, tadgjadi uzkrajoties un
sasniedzot veselibai kaitigas koncentracijas. Misu veiktajos merijumos iegiitas vertibas bija nelielas un neparsniedza likuma noteiktas.

Izmantojot RA-915+ un paligiekartu RP-91C veikti mérfjumi divos Latvijas ombrotrofajos jeb augstajos purvos — Dizaja Veikenieka un Dzelvé. Ombrotrofie
purvi ir Tpasi ar to, ka dzivsudrabs tajos nonak tikai kopa ar nokri$niem, jo Siem purviem nav saskares ar gruntsiideniem. Mérot Hg koncentracijas sadalfjuma pa
kiidras dzilumu, un nosakot kiidras slanim atbilstoso vecumu, iegiti grafiki, kas ataino Hg koncentracijas izmainu vésturi atmosféra gadu gaita. Sadi merfjumi ir
ilglaiciga monitoringa piem@rs, jo aptver vairak ka tiikstos gadus.

Lidz $im gaisa, augsné un tdenos veiktie mérjjumi uzrada saméra nelielas koncentracijas, kas lauj domat, ka Latvijas vide nav Tpasi piesarpota ar dzivsudrabu,
tomér tas nav iemesls, lai par to aizmirstu. legatie dati ir veértigi un noderigi gan Hg monitoringam, gan lai p&titu un izprastu likumsakaribas Hg apritei daba.

Sruiac Boraunce, 3anna I'aBape, Auna IlIBarepe, Purta Ioiikane, flannc Ckyapa. O6cienoBanue 3arpsi3HeHHs1 PTYTbIo B JIaTBHH ¢ MCIOJIb30BAHHEM
YYBCTBHTEJILHOr0 3eMaHOBCKOI0 ATOMHO-26COPGLMOHHOIO CIEKTPOMeTpa

PryTh BpeaHa Ui OKpyKaloleil Cpeibl U 310pOBbs YeJI0BEKa, I03TOMY BaXKHO BBIIBUTH €€ HCTOYHHKH. MOHHTOPUHT SIBJISCTCS OJHUM U3 CIIOCOOOB, C HOMOIIIO
KOTOPOTO MOXKHO CYJHTb O ABIDKEHHH PTYTH B IPpUpojie U e "MpuBHIYKax". DTa CTaThs JaeT B3IJIAN B M3MEPEHHs KOHIIGHTpauy pTyTH B JlaTBUN.

Kax npumep KpaTKOCpPOUHOrO MOHMTOPUHTIA NPUBEIEHBI H3MEpEeHUs KoHLeHTpanun Hg ¢ ucnons3oBanueM anamusatopa RA-915 + B Bo3ayxe B Pure, Ha ynuie
Cnungec, rae 17 mons 2005 roxa wa wiomam 30 M? 6su10 BeuMTO 0,5 KT pryTi. C 2005 110 2011 TOJ IPOBEIEHO JIEBATH U3MEPEHMUIA, KOTOPHIE OTPAKAIOT
M3MEHEHHUsl KOHLIEHTPALMH B 9TOT nepro. HecMOTpst Ha TO, 4TO BCKOpE 110CIIE IPOMCIIECTBHS ObIIO 00BABICHO 0 COOpE NPOIUTOI PTYTH, JaHHBIE MOKA3bIBAIOT,
YTO 3aTPS3HEHNE PTYTHIO ABIAETCS MPOJIOJKUTENIBHOM TPOOIEMOH, KOTOPYIO HE TaK-TO TIPOCTO PENTHTH.

Hcnons3ys anamusarop u npuctasky RP-91, mposenensl u3MepeHns: KOHLEHTPALUK PTYTH B BOJIE HECKONILKUX JATBUHCKUX peK U 03€p. KonTponb Bojbl BaxkeH
MOTOMY, YTO KaK pa3 TaM B OCHOBHOM IPOHMCXOJHUT METWILALHS PTYTH, a METHJIOBAas PTYTh HAKAIUIMBACTCS IO IUIIEBOH MEPApXUM, JOCTUTas OMACHBIX I
3J0pOBbsI KOHIICHTPALMii. 3HAUCHHS, I0JTyYCHHBIC B HAIIMX NU3MEPEHUSX, ObLIM HEOONBIINMY M HE IIPEBBIIIAIN YCTAHOBICHHBIC HOPMATHBBIL.

Hcnonesys RA-915 + u npucraBky RP-91C, uszmepsuioch conepxkanue pTyTd B Topde AByX JaTBUiickux oMOpoTpodusix 6onoT — Dizais Veikenieks u Dzelve.
OmOpoTpodHbIe 00MOTa IpUMeEYaTeNnbHBl TEM, YTO PTYTh TyJa HONAJacT TOIBKO NOCPEACTBOM OCAIKOB, TaK KAaK ITH OONOTAa HEe HAXOIATCS B KOHTAKTE C
rpyHTOBBIMH Bofamu. M3mepsist pacnipesenetne konuentpannn Hg no rimy6une Topda u onpezensisi BO3pacT COOTBETCTBYIOIIETO ¢i10st Top(ha, MOXKHO MOIyHHTh
HUCTOPHUIO M3MEHEHUIT KOHLICHTpalUU PTYTH B aTMOC(l)epe Ha IPOTAHHKCHUHU MHOTHUX JICT. Takue U3MEPEHUS SABIIAIOTCA IIPUMEPOM JOJITOCPOYHOIO MOHHUTOPHUHIA,
TaK KaK OXBAaThIBAIOT OOJIEE THICSUM JIET.

V3mepenus, IpoBeIEHHbBIE B BO3yXe, II0YBE H BOJE, TOKA3bIBAIOT OTHOCUTEILHO HU3KHE KOHIICHTPALMH, Y4TO MO3BOJISCT HPEAIOI0KUTH, YTO cpena B JlaTun
TI0Ka HE 3arpsA3HECHa PTYTbIO, HO 3TO HE ITOBOX SaGLIBaTb 06 OTOM. COGpaHHbIe JTAHHBIC SBJIAIOTCA NOJIC3HBIMU Ui MOHUTOPHUHTA PTYTH U JUISL UCCIIENOBaHUSA
3aKOHOMEPHOCTEH JBUKCHUS PTYTH B IIPHPOIE.

45
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In this study we determine gas temperature of He+H,, Ar+H, and Ne+H, high
frequency electrodeless lamps using intensity distribution in rotational spectra of
hydrogen molecule and hydroxyl radical. The measurement results show that OH
rotational spectra can be successfully used for estimation of gas temperature of the
high-frequency electrodeless lamps at very small amounts of hydrogen present in
plasma. The analysis of the measurement results leads to the conclusion that in “pure”
plasma the applied energy is used to heat plasma, while for the plasma with hydrogen
addition the energy is used in chemical reactions.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Our work is concerned with development and manu-
facturing of electrodeless high-frequency low-temperature
light sources (HFEDL). Such light sources are widely used
as bright radiators of narrow spectral lines in different
types of scientific devices, for instance, in atomic absorp-
tion spectrometers. For each particular use these light
sources have to be optimized, and it is of great importance
to use reliable methods for these investigations and further
on for improvement of the light sources.

Although knowledge of temperature of heavy particles
(hereinafter referred to as gas temperature) in plasma is
not sufficient to understand and explain different pro-
cesses, its measurement is important for the optimization
of the plasma conditions in the light source.

It is well known that for the discharge gas temperature
estimation in HFEDLs one can use the high-resolution

* Corresponding author. Tel.: +371 67225907.
E-mail address: zanda.gavare@gmail.com (Z. Gavare).

0022-4073/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jqsrt.2012.04.022

spectroscopy method of the emission spectral line shape
measurements using Fabry-Perot interferometer and
Zeeman spectrometer together with non-linear spectral
line shape modeling [1]. However, the method of the line
shape modeling is very complicated due to the necessity
to solve the incorrect inverse task [2]. It is of great interest
to find other methods and verify their applicability for the
determination of gas temperature in HFEDLs. In the case of
hydrogen containing plasmas, one of the commonly used
techniques for the determination of gas temperature is
based on the measurements of the intensity distribution in
the rotational bands of hydrogen molecule [3-14], for
instance (0-0), (1-1), (2-2), and (3-3) Q-branches of
Fulcher-o. (d°T1; —a®X) electronic transition [5-14]. In
one of our previous works we showed that this method
can be successfully used for the hydrogen containing
HFEDLs [13]. It has been observed that hydrogen diffuses
out of the lamp through the walls during the lamp
operating time. As a result it is not possible to register
Fulcher-o Q-branches in the spectrum of plasma; although
the hydrogen is present in the plasma [13] (it is still
possible to register atomic lines of hydrogen). However,
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one can try to register the UV spectrum of OH radical
(A’Z+ - XII; v =v" =0) at 306.4 nm. It is known that this
band can be observed even at very small amounts of
hydrogen [15] and it can be used for the gas temperature
determination, too [16-23]. In [24] we used OH rotational
spectra to determine gas temperature of dumbbell-type
HFEDLs; but it is of interest to compare the values of gas
temperature determined using different methods to verify
the relation between the rotational and translational
temperatures.

In order to validate the usage of OH rotation spectra to
determine gas temperature, in this study we compare
these values with those determined using Doppler broad-
ening of the spectral line. Since one of our previous works
[13] showed, that HFEDLs can be successfully used to
investigate the influence of hydrogen addition to the
argon electrodeless plasma, another task in this study
was to determine the hydrogen influence on helium
plasma.

2. Theoretical background

2.1. Gas temperature determination from the Doppler
broadening of the spectral line

For the determination of gas temperature from the
Doppler profile of the spectral line it is necessary to
register the spectral line shape using Fabry-Perot inter-
ferometer. The problem is that spectral line profile,
registered by means of the interferometer, differs signifi-
cantly from the real one. To determine the real spectral
line profile, it is necessary to solve the inverse task. In this
work we used another method, namely, the line fitting by
means of a non-linear multiparameter chi-square fit.

The total broadening of the spectral line consists of (1)
natural broadening, (2) Doppler broadening, (3) Van der
Waals broadening, and (4) resonance broadening. The line
shapes caused by natural broadening, resonance broad-
ening, as well as by broadening due to the interaction
with surrounding particles, are all described by the
Lorentz function.

The basic broadening of the spectral line in low-
pressure plasma is the Doppler broadening, characterizing
the temperature of emitting atoms with the Maxwellian
distribution of velocities. In that case, the spectral line
shape has a Gaussian profile.

The resulting line is a convolution of the both shapes,
the Gaussian and the Lorentzian, and is described by the
Voigt function. To obtain the real Doppler width of the
spectral line, it is necessary to fit the line profile and
deconvolute from the Lorentz function, which in the case
of Fabry-Perot measurements is mainly composed of the
instrumental function [25]. Then gas temperature can be
derived from the well-known formula:

Alp 1 >2
T=u(=2_~ ), 1
M( o 7.16 x 1077 M

where T is the gas temperature, Alp is the Doppler
broadening of the spectral line, Ay is the transition
wavelength and p is the atomic mass.

2.2. Gas temperature derivation from the intensity
distribution in rotational spectra of molecule

Generally, for gas temperature determination from
rotational spectra of OH radical, the following relation is
used [26,27]:

12 0.625
Ig (X) =const— T—E,-. )

rot

where in const all factors, which are independent of
rotational quantum number N, are combined, I is the
measured line intensity, T is the rotational temperature,
E; is the excited state energy, 4 is the transition wave-
length and A is the transition probability.

The determination of the gas temperature from mea-
sured intensity distribution in rotational bands of hydro-
gen molecule is based on a certain theoretical model,
which involves series of assumptions about the mechan-
ism of the excitation-deexcitation of rotational-
vibrational levels of hydrogen. According to this model,
the translational gas temperature may be in equilibrium
with rotational temperature determined from either
upper or lower energy level depending on processes in
plasma under study. In case of low-pressure plasmas
(typically, at pressures lower than 1 Torr), the rotational
temperature obtained from the lower level can be con-
sidered as a valid estimation of gas temperature
[5,7,8,28].

In this study we use simple model, according to which
the intensity of the rotational-vibration transition is
related to rotational temperature with following expres-
sion [5-13]:

) = const— ETXr?,'fV , 3)

1
In <ga,s<2N+1>v4

where Exop is the ground state energy, v is the transition
frequency and g, is the statistical weight of the n, v, N
rotational-vibrational level of the homonuclear molecule
depending on the magnitude of the nuclear spin and the
symmetry in respect to permutation of the nuclei (a or s).
Za,s 1S equal to unity for heteronuclear molecules.

Formulas (2) and (3) show, that in practice it is
possible to determine rotational temperature by plotting
1g(12/A) vs. E; (or In(l/g, (2N +1)v*) vs. Exon), and fitting
the data with linear function. Rotational temperature can
be determined from the slope of the fitted line. The
necessary transition parameters for the lines of (2-2)Q
branch of Fulcher-o band can be found in [13,29-31], and
for the lines of OH (A-X) (0-0)Q; branch in [26,27,32].
This data is compiled in Table 1.

3. Experimental part
3.1. Plasma under study

Plasma under study was several high-frequency elec-
trodeless lamps (HFEDLs) with different fillings: (1) He+
Hy (pue = 0.9 Torr, py, ~ 0.1 Torr), (2) Ar+Hy (par~ 0.9 -
Torr, py, ~0.1Torr), (3) Ne+H, (pne~ 0.9 Torr, py, ~
0.1 Torr).
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Transition parameters for the lines of (A-X) (0-0)Q; branch of OH radical [26,27,32] and H, Fulcher-o (d*I1; —>a32g) (2-2)Q branch [13,29-31].

OH (A2X* - X21T) (0-0)Q, H, Fulcher-o (d*IT; —»a’%;) (2-2)Q

Line J, nm E,cm™! A 10857 Line 2, nm Exon, cm ! N Las
Q1(4) 308.328 32,779 33.7 Q 622.4815 118.50 1 3
Qi(5) 308.517 32,948 42.2 Q2 623.0258 354.35 2 1
Q:(6) 308.734 33,150 50.6 Qs 623.8391 705.54 3 3
Q1(8) 309.239 33,652 67.5 Q4 624.9150 1168.78 4 1
Q1(9) 309.534 33,952 75.8 Qs 626.2495 1740.21 5 3
Q,(10) 309.859 34,283 84.1

These lamps were manufactured at the Institute of
Atomic Physics and Spectroscopy, University of Latvia. The
cylindrical lamps with diameter of 2 cm and the length of
4 cm were placed into an induction coil and an inductive
coupled discharge was excited by means of a high-fre-
quency field of about 100 MHz frequency. The power of
the discharge was changed by varying the applied current
i into the coil in the region 80-200 mA. The gas tempera-
ture dependence from the current i in the induction coil
was investigated.

Initially, in emission spectra of He+H, and Ar+H,
HFEDLs the molecular spectra of H, could be observed
[13], and, the gas temperature could be determined using
Fulcher-o¢ Q branches. However, during the operating
time, hydrogen diffuses through the walls, and the
changes in the spectra can be observed, namely, after
longer operating time Fulcher-oo bands cannot be regis-
tered anymore, in the same time we can observe OH band
at 306.4 nm. OH molecule was created from H,, which was
filled in the lamp and O,, which was emitted directly from
the SiO, glass walls of the lamp during the discharge [24].

3.1.1. Ar+H, HFEDL

In one of our previous works [13] we reported the
study of hydrogen influence on argon high-frequency
electrodeless plasma, by organizing the experiment in
the following way: (1) during the first measurement
session the Fulcher-a (2-2)Q branch spectra was regis-
tered and rotational temperature determined; (2) then
the HFEDL was operated so long until the hydrogen was
diffused out from the lamp through the walls. The diffu-
sion of the hydrogen was indicated registering the spectra
in the same spectral region as before, and during this,
second, measurement session, the gas temperature was
determined using the Doppler broadening of argon lines.
Further measurements of this HFEDL showed, that
although the molecular spectra of hydrogen could not
be registered anymore, the hydrogen was still present in
plasma (since the atomic lines of hydrogen could be still
observed), and at 306.4 nm we could identify intense
emission of OH. In this study we determined rotational
temperature for this HFEDL from OH emission and com-
pared to the gas temperature values determined from
Doppler profiles.

3.1.2. He+H, HFEDL
In this work we use He+H, HFEDL to estimate the
hydrogen influence on helium plasma. In order to achieve

it, the work was organized in similar to described in [13]
with argon-hydrogen plasma: (1) during the first mea-
surement session the Fulcher-o (2-2)Q branch spectra
was registered and rotational temperature (equal to gas
temperature) determined; (2) then the HFEDL was oper-
ated so long until the hydrogen was diffused out from the
lamp, and during this measurement session the gas
temperature was determined from relative intensities of
lines of OH (A-X) (0-0)Q; branch.

3.1.3. Ne+H; HFEDL

In emission spectra of Ne+H, HFEDL the H, molecular
bands could not be observed, however the OH rotational
band at 306.4 nm could be registered. The gas temperature
was determined using the relative intensities of (A-X) (0-0)
Q;-branch of OH radical.

3.2. Gas temperature derivation from the Doppler
broadening of the spectral lines

For the gas temperature determination from the Doppler
profile, profiles of Ar 772.4nm (Ar I 1 ss-2 p7) line were
registered by means of Fabry-Perot interferometer. The light,
collected from the lamp, is transmitted through the pres-
sure-scanned interferometer, focused on a monochromator,
amplified and registered by means of a photomultiplier. Line
profiles of Ar 772.4 nm line were recorded using mirrors
with a dielectric coating and a 1.4 cm spacer (free spectral
range of 0.36 cm™1).

The profiles were fitted and deconvoluted from the
Lorentz function, mainly composed of the instrumental
function in our case [25], to obtain the real Doppler
profile. Deconvolution was done using Origin software.

3.3. Rotational temperature determination from the
rotational spectra of hydrogen molecule

The light from the lamp was imaged on the entrance slit
of the spectrometer (JobinYvon SPEX 1000M, focal length
1 m) and detected by means of a charge-coupled device
matrix detector (2048 x 512 Thermoelectric Front Illumi-
nated UV Sensitive CCD Detector, Simphony). The emission
spectra of the discharge under study have been recorded in
the wavelength range 2 =620-630 nm, containing first five
lines of the (2-2)Q branch of the Fulcher-o band system of
the hydrogen molecule.

An example of the registered spectra and a typical
semilogarithmic plot of the Fulcher-o (2-2)Q branch lines
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Fig. 1. (a) Example of a typical emission spectra of the hydrogen containing plasma of HFEDL recorded at applied current i=180 mA. First five lines of
Fulcher-o (2-2)Q branch are identified. (b) The semilogarithmic plot of scaled intensity of Fulcher-o (2-2)Q lines versus rotational energy of the
molecular hydrogen ground state for He+H, HFEDL at i=140 mA and i=200 mA.

are shown in Fig. 1(a) and (b), respectively. The linearity
of these plots indicates the Boltzmann distribution over
the rotational levels.

3.4. Rotational temperature determination from the
rotational spectra of OH radical

The experimental setup was the same as for the
rotational temperature determination from the rotational
spectra of hydrogen molecule. The emission spectra of the
discharge under study have been recorded in the wave-
length range A=306-312 nm. In Fig. 2 an example of the
recorded emission spectra with identified OH lines
is shown.

From analysis of the recorded OH spectrum, it was
concluded that for the rotational temperature derivation
only Q1(4), Q1(5), Q1(6), Q:(8), Q:1(9) and Q4(10) lines can
be used, since Q;(1)-Q4(3) and Q4(7) lines overlap with
lines of other branches, and lines starting with Q;(11)
cannot be identified in the spectra due to their over-
lapping with lines of other branches or due to their small
intensities.

4. Results and discussion
4.1. Ar+H, HFEDL

Initially this lamp was filled with 0.9 Torr Ar and
0.1 Torr H,. As it was mentioned before, this lamp was
used in previous measurements [13], where it was oper-
ated until H, was diffused out of lamp, and the emission
of hydrogen could not be registered anymore, however
we could register OH emission. Since the content of H, in
the plasma decreases (hydrogen is diffused through the

walls), increases the degree of dissociation of hydrogen
molecules (the concentration of hydrogen atoms becomes
higher) [33], which can lead to the subsequent formation
of OH radical.

In Fig. 3 the dependence of the estimated gas tempera-
ture in dependence of the excitation generator current
is shown.

The results of both methods are in very good agree-
ment, confirming that the relative intensities of OH (A-X)
(0-0)Qq branch can be successfully used for HFEDL gas
temperature determination.

The uncertainties for both methods are in the range
6-12%. The temperature change is very explicit (from
620 K till 1100 K) by varying excitation generator current
from 80 mA till 200 mA.

4.2. He+H, HFEDL

In Fig. 4 the temperature dependence on the excitation
generator current for the He+H; (9:1) HFEDL is shown.
Rotational temperature (equal to gas temperature) deter-
mined from Fulcher-o (2-2)Q branch does not change
significantly by changing the current of excitation gen-
erator. For this HFEDL the determined gas temperature
was around 680-700K (the uncertainties did not
exceed 15%).

After the first measurement session the lamp was
operated until the hydrogen diffused out of the lamp,
leading to the changes in the plasma discharge conditions.
During the second measurement session gas temperature
was determined using OH band. It can be seen that the
temperature dependence on applied current is completely
different compared to the case when hydrogen is still
present in plasma.
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Fig. 3. The temperature dependence on the applied current for Ar+H,
HFEDL. Gas temperature values obtained using OH (A-X) (0-0)Q; branch
are compared with ones obtained from Doppler profile of Ar I 772.4 nm
line (hydrogen is diffused out of the lamp).

The gas temperature ranging from 530 K to 788 K was
obtained, depending on the applied current (80-200 mA).
Relative uncertainty of the obtained temperature values is
less than 10%, except for temperature value determined at
80 mA being 14%.

4.3. Ne+H, HFEDL

As it was mentioned earlier, in the emission spectra of
Ne+H, HFEDL it was not possible to observe molecular
bands of H,, this could be due to intense collisions
between excited neon atoms with hydrogen molecules
leading to the dissociation of hydrogen molecule [34,35].

Fig. 4. The temperature dependence on the excitation generator current
for the He+H, (9:1) HFEDL. Comparison of gas temperature values
obtained using Hy Fulcher-o (2-2)Q branch (1st measurement session)
and OH (A-X) (0-0)Q; band (2nd measurement session; hydrogen is
diffused out of the lamp).

While the excitation generator current values were in
range from 100 mA till 140 mA, the emission of OH band
was weak in comparison with the neighboring atomic
lines of Ne, yet at 200 mA current value the OH emission
increased exceeding the intensity of atomic lines of Ne in
that region.

It is expected that intensity of atomic spectral lines
will also increase by increasing the current of excitation
generator, however in the case of Ne+H, HFEDL neon
lines in the vicinity of OH band (at 306.4 nm) did not
increase in intensity, while intensity of Ne I spectral lines
in red region increased noticeably. This allows us to
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Fig. 5. The temperature dependence on the applied current for Ne+H,
HFEDL. Temperature values were obtained using OH (A-X) (0-0)Q,
branch.

conclude that part of excited Ne atoms is quenched by OH
radical, leading to the increase in intensity of OH
emission.

From emission of OH radical we also determined gas
temperature of Ne+H, HFEDL. In Fig. 5 one may see
temperature dependence on the applied current for this
HFEDL. Temperature values were obtained using OH (A-X)
(0-0)Q; branch. The temperature change was very explicit
by varying the current of excitation generator, and values
were in range from 580 K till 1080 K. The uncertainties in
this case were in range 7-15.5%.

These explicit temperature dependences on excitation
generator current determined for Ar+H,, He+H, and
Ne-+H, HFEDLs can be explained by the fact that in “pure”
gases the energy is used to heat plasma, as well as for the
ionization and excitation of atoms, while in mixtures
supplied energy is used more in the chemical reactions.
By increasing the applied current we increase the input
energy, which in “pure” gases will lead to the increase in
gas temperature (this is what we observe for HFEDLs
without hydrogen). Similar observations regarding gas
temperature were made by authors of [36].

5. Conclusions

Measurement results confirm that OH rotational spectra
can be successfully used for the high-frequency electrode-
less gas temperature estimation at very small amounts of
hydrogen present in plasma, even if spectra of molecular
hydrogen cannot be registered.

The analysis of changes we observed in spectra of
Ne+H, HFEDL leads to the conclusion that in this plasma
excited neon atoms supply energy to OH radicals via
collisions leading to increase of intensity of OH emission.

The explicit temperature dependence on excitation
generator current which was observed for HFEDLs without
hydrogen can be attributed to the fact that plasma
becomes “pure” and the applied energy is used to heat
plasma, while for the plasma with hydrogen addition the
energy is used in chemical reactions and the gas tempera-
ture stays constant by varying excitation generator current.
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